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ABSTRACT 

We present a systematic temporal and spectral study of all Swift -XRT obser- 
vations of GRB afterglows discovered between 2005 January and 2007 December. 
After constructing and fitting all light curves and spectra to power-law models, 
we classify the components of each afterglow in terms of the canonical X-ray 
afterglow and test them against the closure relations of the forward shock mod- 
els for a variety of parameter combinations. The closure relations are used to 
identify potential jet breaks with characteristics including the uniform jet model 
with and without lateral spreading and energy injection, and a power-law struc- 
tured jet model, all with a range of parameters. With this technique, we survey 
the X-ray afterglows with strong evidence for jet breaks (~ 12% of our sample), 
and reveal cases of potential jet breaks that do not appear plainly from the light 
curve alone (another ~ 30%), leading to insight into the missing jet break prob- 
lem. Those X-ray light curves that do not show breaks or have breaks that are 
not consistent with one of the jet models are explored to place limits on the times 
of unseen jet breaks. The distribution of jet break times ranges from a few hours 
to a few weeks with a median of ~ 1 day, similar to what was found pre-Swift. 
On average Swift GRBs have lower isotropic equivalent 7-ray energies, which in 
turn results in lower collimation corrected 7-ray energies than those of pre- Swift 
GRBs. Finally, we explore the implications for GRB jet geometry and energetics. 
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1. Introduction 

One of the most surprising puzzles to emerge from the Swift (Gehrels et al. 2004) mission 
and its dynamic study of Gamma-ray Bursts (GRBs) is the lack of expected jet breaks in 
X-ray afterglow emission. It is vital to the entire study of GRBs to understand jet geometry, 
because of the inferred effects on the total output energy, GRB rate, afterglow structure, 
interactions with environment, and jet physical mechanisms. Vie-Swift optical observations 
showed tens of cases of steepening in the light curves several days after the GRB triggers 
(Frail et al. 2001; Bloom, Frail, & Sari 2001; Zeh, Klose, & Kann 2006). This steepening 
was interpreted as evidence for the coUimation of the burst ejecta with physical half-angle Oj. 
The ejecta moves at relativistic velocities with a bulk Lorentz factor, F, and the radiation is 
relativistically beamed into an angle 9 = 1/F. As the ejecta sweeps up surrounding material, 
the fireball decelerates, with the beaming angle eventually exceeding the physical coUimation 
angle, causing a sudden increase in the rate of decay of the flux (i.e. the jet break). At the 
same time, sideways expansion of the ejecta with relativistic speeds also causes a sudden 
flux decrease (Sari, Piran, & Halpern 1999; Rhoads 1999; Zhang & Meszaros 2004). Most 
likely both of these effects contribute to the jet breaks, and therefore, both models must 
be considered. Breaks are expected to be achromatic based on the assumption that the 
afterglow emission regions and mechanisms are the same for various spectral regimes, and 
should therefore only reflect ejecta geometry. Achromaticity has indeed been confirmed in 
the optical/near-infrared bands in pre- Swift GRBs (Kulkarni et al. 1999; Harrison et al. 
2001; Klose et al. 2004). 

In the Swift era, it is X-ray afterglow light curves that provide the most homogeneous 
data set to study GRB afterglows. With the rapid GRB triggers provided by the Swift - 
BAT, and the autonomous prompt Swift -XRT observations that frequently begin within 1-2 
minutes of the trigger. X-ray afterglows have gone from sparsely sampled single power-laws 
(Beppo-SAX era, de Pasquale et al. 2006) to a rich database of light curves with widely 
varying properties and durations. A common canonical shape of the Swift -XRT X-ray light 
curves emerged (Nousek et al. (2006); Zhang et al. (2006), Figured]) with five components 
(an initial steep decay, a shallow-decay "plateau" phase, a normal decay, a jet-like decay 
component, and flares) that could be used to explain the overall structure of the afterglows. 
While elements of this canonical picture are seen in most X-ray afterglows, few afterglows 
contain all 5 components. Surprisingly, fully "canonical" jet breaks are rarely observed in 
the XRT light curves (Burrows & Racusin 2007; Liang et al. 2008; Evans et al. 2008). 

In this work, we assume that all X-ray afterglows have inherently similar shapes (the 
canonical shape) with deviations in behavior due to environment, electron spectral shape, 
spectral regime, presence of energy injection, and jet properties. We also explore observa- 
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tional biases such as late beginning and early ending of observation, flares, and observing 
gaps that lead to missing portions of individual light curves which can produce ambiguities 
in the identification of segments. 

We assume that the light curve segments following the initial steep decay (Figure [H 
segments II-IV) are due to external forward shocks. Although we recognise that several 
alternative models have recently been proposed to explain the origin of the X-ray afterglows 
(e.g. Genet, Daigne, & Mochkovitch (2007); Shao & Dai (2007); GhiseUini et al. (2007a); 
Liang, Zhang, & Zhang (2007); Uhm & Beloborodov (2007); Liang et al. (2008); Panaitescu 
(2008); Kumar, Narayan, & Johnson (2008)), as discussed below (see also Liang et al. 2007, 
2008), the X-ray data can be generally interpreted within the framework of the forward 
shock, so that invoking non-forward-shock models is not absolutely demanded by the data. 
We also focus solely on the X-ray behavior of the afterglow light curves, while acknowledging 
that chromatic behavior inferred from optical observations provides important clues into jet 
properties (Liang et al. 2008). 

Based on the optical afterglow observations in the pre- Swift era (Frail et al. 2001; 
Bloom, Frail, & Kulkarni 2003), we expected to find jet breaks occurring within several days 
after the bursts, with the light curves breaking to decay slopes of ~ 2.2 (Sari et al. 1999). 
Several recent studies (Burrows & Racusin 2007; Liang et al. 2008; Kocevski & Butler 2008; 
Willingale et al. 2007; Evans et al. 2008) have searched for jet breaks in the XRT data 
and agree that there is a substantial deficit relative to pre-Swift expectations. Panaitescu 
(2007) suggests additional potential jet breaks in the sample, but is very broad in his jet 
break definition, attributing even breaks with shallower decays occurring after plateaus to 
jet breaks without discussion of the more global context of the light curves. This method 
does not follow the framework of the canonical picture observed in many afterglows, though 
it suggests that some jet breaks are buried in the existing measured breaks, which we explore 
in more detail. Previous studies of large afterglow samples have applied only the simplest 
afterglow models, rather than the detailed interpretations needed to explain GRBs in indi- 
vidual cases. For example, the end of the plateau phase is often attributed to a cessation 
of energy injection without considering the possibility that it might represent a jet break 
during energy injection (see also de Pasquale et al. 2008). Other model variations including 
a flat electron spectrum, different progenitor environments, and jet geometry and dynamics 
would slightly alter the properties of the canonical behavior. Therefore, in this study we 
perform a more generalized characterization of all XRT afterglows, reexamining a wide va- 
riety of closure relations to evaluate which segments of each light curve are consistent with 
each family of closure relations, whether there are any jet breaks that have been previously 
misinterpreted, and what limits can be placed on jet break statistics and energetics. 
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There are multiple reasons that we may not be detecting jet breaks in XRT data. We ask 
the following questions to explore this problem: Are jet breaks subtle and buried within our 
observing errors (see also Curran, van der Horst, & Wijers 2008)? Do the jet breaks occur 
after the XRT observations end? Do observational biases that cause us to miss parts of the 
light curves result in ambiguous classifications? Could some of the breaks at the end of the 
plateau phases actually be jet breaks that are masked by continuing energy injection? Are 
those GRBs for which jet breaks are not detected somehow intrinsically or observationally 
different than those for which they are detected? The goal of this study is to attempt to 
answer these questions. 

We describe the data sample selection, temporal analysis, and spectral analysis in ^ 
the closure relations in §31 the results in §11 discussion and implications in §3 and conclude in 
§6l Throughout this paper, we adopted the convention F oc t""z/^^ where a is the temporal 
index and (3 is the spectral index, F is the energy flux (with cgs units of erg cm^'^ ■5^^), and 
we use cosmological parameters Hq = 70 km s~^ Mpc~^, Qm = 0.3, Q/^ = 0.7. 

2. Data Reduction 

The Swift -XRT observed 262 GRB X-ray afterglows between 2005 January and 2007 
December. Our sample also contains 21 bursts discovered by Integral, HETE, or the Inter- 
planetary Network (IPN) that were followed up by the Swift -XRT beginning within approx- 
imately one day. We include only those afterglows with at least 60 background-subtracted 
photons, enough to construct a basic light curve and characterize temporal and spectral 
properties (in the methods described in Sections §2.11 and §2.2p . Removing those objects 
for which we do not have adequate temporal and spectral information, our resulting main 
sample consists of 230 GRB X-ray afterglows; 15 of those afterglows were not originally dis- 
covered by Swift; 13 are short bursts (Tgo < 2 sec); and 85 have measured redshifts reported 
in the literature as indicated in Tables [2ll5l 

Level 1 data products were downloaded from the NASA/GSFC Swift Data Center (SDC) 
and processed using XRTDAS software (v2.0.1). The xrtpipeline task was used to generate 
level 2 cleaned event files. Only events with Windowed Timing (WT) mode grades 0-2 and 
Photon Counting (PC) mode grades 0-12 and energies between 0.3 — 10.0 keV were used in 
subsequent temporal and spectral analysis. 



- 5 - 



2.1. Temporal Analysis 

We assume that all X-ray light curves in our sample inherently follow the canonical form 
(Figured]) described by Zhang et al. (2006) and Nousek et al. (2006). These 4 segments and 
additional component are I: the initial steep decay often attributed to high-latitude emission 
or the curvature effect (Kumar & Panaitescu 2000; Qin et al. 2004; Liang et al. 2006; Zhang, 
Liang, & Zhang 2007b); II: the plateau, which is frequently attributed to continuous energy 
injection from the central engine (Rees & Meszaros 1998; Dai & Lu 1998; Sari & Meszaros 
2000; Zhang & Meszaros 2001; Granot & Kumar 2006; Zhang et al. 2006; Liang et al. 2007); 
III: the normal decay due to the deceleration of an adiabatic fireball (Meszaros 2002; Zhang 
et al. 2006); IV: the post-jet break phase (Rhoads 1999; Sari et al. 1999; Meszaros 2002; 
Piran 2005); V: flares, which are seen in ~ 1/3 of all Swift GRB X-ray afterglows during 
any phase (I- IV) and are believed to be caused by sporadic emission from the central engine 
(Burrows et al. 2005; Zhang et al. 2006; Chincarini et al. 2007; Falcone et al. 2007). We 
classify the data into these segments based upon the criteria described below. Only 25 cases 
contain all 4 light curve segments, with 14 cases also containing flares. 

This analysis does not address the phenomenon of X-ray flares, but rather excludes 
them from the spectral and temporal analysis. See Chincarini et al. (2007) and Falcone 
et al. (2007) for detailed studies of X-ray flares and analysis on this data set. These studies 
have shown that significant spectral evolution occurs throughout the flares, therefore in 
order to constrain the properties of the underlying afterglows, we remove the time intervals 
of significant flaring from subsequent temporal and spectral analysis. Flaring was determined 
by visual inspection of the light curves and hardness ratios. Only the most apparent flares 
were removed, with no attempt to constrain small scale or micro-flaring. Large flares that 
overlap and significantly exceed the level of the underlying afterglow can also mask whole 
segments, making it impossible to determine the underlying temporal and spectral properties. 
The flaring in these cases usually occurs at the beginning of light curves, overwhelming 
segment I and leading to light curves with apparent segments II-III afterwards. Rather than 
guessing the properties or presence of these specific flaring segments, we remove those time 
intervals and proceed as if they were not part of the rest of the light curves. 

For those X-ray afterglows that were also observed by Chandra at late times, we include 
those data points in our temporal but not spectral fits. These bursts include GRB 051221A 
(Burrows et al. 2006), GRB 050724 (Grupe et al. 2006), and GRB 060729 (Grupe et al, 
in-preparation) . 
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2.1.1. Light Curve Construction 



All light curves were extracted from the public XRT-team light curve repository (Evans 
et al. 2007, 2008). These XRT light curves were created by extracting the counts in a 
circular region around the afterglow with a variable source extraction radius designed to 
optimize the S/N ratio depending on the count rate in both the Windowed Timing (WT) 
and Photon Counting (PC) mode data. A region clear of any serendipitous background 
sources was used to estimate the contribution of background counts in the source region. 
The number of counts per bin are chosen depending on the count rate to show sufficient 
detail with reasonable error bars and binning. The background-subtracted count rates are 
also corrected for the portion of the PSF excluded by the extraction region and any proximity 
to bad columns and hot pixels in the XRT CCD. Where necessary, corrections for photon 
pile-up were also made by excluding a central portion of the extraction region. 



We have developed tools to fit single power-laws, broken power-laws, double broken 
power-laws, and triple broken power-laws with the following functional forms to the XRT 
light curves. 

single power-law: 



2.1.2. Light Curve Fitting 
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broken power-law: 




(2) 



double broken power-law: 




(3) 



triple broken power-law: 
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where N is the normalization, t is the time since the burst trigger, F{t) is the count rate 
over the soft X-ray band (0.3 — 10 keV), ^61,63,63 are the times of breaks in the hght curves, 
and 0(0,1,2,3,4) are the temporal indices of the power-law fits. 

Our software, written in IDL, requires user input for initial guesses of the location and 
number of breaks (and therefore power-law model). Based upon visual inspection, the user 
first eliminates all obvious time intervals with significant fiaringl^ The user then makes 
initial guesses for light curve break times, and a least-squares fitting routine is used to fit 
each model. When the addition or removal of light curve segments from the initial model also 
provides an adequate fit, we perform an F-test and if the fit is improved at a 99% confidence 
level, then the new model is retained. 

In order to accurately measure the light curve model parameter errors without over- 
estimating them, we tested both Ax^ confidence interval mapping and Monte Carlo simula- 
tion methods. In the Monte Carlo method we created 10000 simulated light curves for each 
GRB light curve jiggling the data points by an amount drawn randomly from the Poisson 
distributions derived from the source and background counts. Each of these light curves 
was fit with the same method as the real light curves. The 90% and 2cr confidence intervals 
were taken from the distributions of each fit parameter from the simulations. The broken 
power-law fits were not well behaved in Ax^ contour space due to data binning, light curve 
gaps, and logarithmic fits, resulting in larger error estimates compared to the Monte Carlo 
method. The latter method is more free from assumptions and biases, therefore we chose to 
use the Monte Carlo light curve parameter error estimates for the following analysis. 

We classify each segment of the light curves in terms of the canonical form (Figure 
[1]) using the the following criteria. If the light curve is a triple broken power-law then 
identification of its segments is unambiguous, and it is designated as a type I-II-III-IV. If 
the light curve is best fit by a double broken power-law, we apply the criteria that if ai > ^2 
then it is designated as segments I-II-III or if ai < 02 then it is designated as segments II- 
III-IV. If the light curve is best fit by a singly broken power-law, we apply the criteria that 
if ai > ai then it is designated as segments I-II, while if a\ < then it can be interpreted 
as either segments II-III or III-IV. If the light curve is best fit by a single power-law then 
any segment (I, II, III, IV) is possible. 

The distributions of these temporal fits are given in the left panel of Figure [2l Although 
the a distributions are broad, the different segments are clearly separated by our classification 
criteria described above. Kolmogorov-Smirnov (KS) tests show that the segments I through 



^We note that broad-peaked flares, poorly sampled flares, or the sura of many flares could be misinter- 
preted as a single power-law decay from one of the phases. 
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IV are different at > 99.9% level. The single power-law distribution also differs from segments 
I, II, and IV at > 99.9% level. However, the single power-law and segment III distributions 
are more similar (4% probability of begin drawn from same inherent distribution), suggesting 
that some of the single power-laws are segments III, with others drawn from segments I, II, 
and IV. 

This scheme has no implicit constraints on the range of temporal indices, but does leave 
some ambiguity in the case of a broken power-law with ai < a^- This case is equivocal 
between segments II-III and III-IV. We generally assume that they are cases of II-III when 
looking at sample distributions. However, we still fit the post-jet break closure relations, 
allowing for the possibility of III-IV. This ambiguity and distinguishing criteria are further 
addressed in §4.31 

2.2. Spectral Analysis 

We have constructed spectra for each segment of each light curve distinguished using 
the temporal fits defined in §2.1.2[ These spectra were extracted using XSELECT with 20 
pixel radius source extraction region, and a 40 pixel radius background region. All analysis 
used the version Oil (release date 2008-05-14) response matrices from the Swijt CALDB, 
and Ancillary Response Files (ARFs) were made using the xrtmkarf task. The spectra were 
grouped using the grppha task with 20 counts per bin and were fit using statistics unless 
there were fewer than 150 counts, in which case they were grouped with 10 counts per bin 
and were fit using Cash statistics. We fit these spectra in XSPEC to an absorbed power-law 
with two absorption components, one fixed to the Galactic value (Kalberla et al. 2005), and 
another freely varying using the measured redshift if available. 

The photon indices (F) of the spectral fits are used to measure the energy spectral 
index, where (3 = F — 1. The distributions of these spectral fits are shown in Figure |2j 
Segments II through IV are statistically similar (as tested with a KS test). Of those light 
curves with a segment IV, ~ 90% are consistent with minimal or no spectral evolution 
through segments II, HI, and IV (90% confidence errors). The KS test shows that segment 
I differs from segments II and HI at > 98% level, with the distribution peaking at a slightly 
lower f3, consistent with the possibility of a different physical origin of this phase (Zhang 
et al. 2006; Liang et al. 2006; Zhang et al. 2007b, 2009). The distribution of /3s for the single 
power-law light curves is statistically consistent with the other individual segments. These 
spectral properties are in agreement with the suggestion from the temporal distributions 
that this sample is a mixture of the other segments. 
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3. Closure Relations 

The fireball model predicts the evolution of the spectral and temporal properties of 
GRB afterglows as the external shocks decelerate in the external environment. These effects 
can be characterized by relationships between the temporal and spectral indices [a and /3). 
These so-called "closure relations" of the fireball model depend on the physical processes 
in the relevant portion of the afterglow light curve, the surrounding environment, electron 
spectral index, cooling regime, and jet geometry (Rees & Meszaros, 1994; Meszaros & Rees, 
1997; Sari, Piran, & Narayan, 1998; Chevalier & Li, 2000; Dai & Cheng, 2001, see reviews 
by Meszaros, 2002; Zhang & Meszaros, 2004; Piran, 2005). We apply a large set of possible 
models to each segment of the light curves and use them in conjunction to narrow the list 
of possible physical models to explain each afterglow segment, assuming that synchrotron 
radiation is the dominant mechanism and including only the corresponding relevant relations. 
We also use them to determine the presence and properties of jet breaks in our sample of X- 
ray light curves. All of the analytical closure relations assume a simple spectrum with sharp 
breaks, whereas in reality these breaks are likely smooth (Granot & Sari 2002). However, 
unfortunately even with broadband SEDs for each light curve segment, the smoothness of 
these spectral breaks is impossible to measure except in perhaps a few special cases. In 
order to learn about the global properties of X-ray afterglows in a statistical sample, we 
make simplifying assumptions including neglecting the smoothness of these breaks. 

We present an extensive set of closure relations (Table [1]) including those for constant 
density interstellar medium (ISM, n(r) = constant) and wind {n{r) oc r~^) environments, 
electron spectral index cases of 1 < p < 2 and p > 2, and slow cooling and fast cooling 
regimes (Sari et al. 1998). For each case, we present closure relations both with and without 
energy injection. These various theoretical permutations have been invoked to explain the 
likely physical scenarios in the general scheme and in many individual observational cases, 
but have never been combined on such a large sample of afterglow light curves. 

The constant density ISM environment, the simplest plausible model, is often well fit 
by observations. However, the wind environment is closer to what one would expect for the 
medium surrounding high- mass stars near the end of their lives (i.e. Wolf-Rayet stars). This 
dilemma has led to theoretical speculation of how massive star environments might appear 
observationally to have a constant density, van Marie et al. (2006) conducted numerical 
simulations of stellar wind environments where the wind exists only in a region very close to 
the star, and showed that the right combination of wind pressure, ISM density, progenitor 
rotation, and metallicity, can make a wind environment appear like an ISM environment 
when probed by the GRB forward shock. However, it is difficult to constrain these conditions 
observationally. Chevalier (2007) compares the environments and interactions of SNe Ib/c 
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to the expectations for the GRB case, finding the main difference to be in the progenitor 
metaUicity, ISM pressure, and possibly rotation. He also finds that GRB environments 
could produce a close termination shock outside of which the medium would be constant 
density. Both the ISM and wind environments are surely simplistic descriptions of actual 
GRB environments, especially when considering that local examples of Wolf-Rayet stars like 
Eta Carinae show massive irregular winds that can be modeled by neither a constant density 
nor a environment. In this study, it is only feasible to test the simplest models, therefore 
we choose to include both ISM and wind closure relation alternatives and determine directly 
which model best approximates each afterglow. 

The electron spectral index, p, is typically expected to be larger than 2 to avoid a diver- 
gent total integrated energy for harder distributions unless a high-energy cutoff is invoked. 
Numerical modelling of electron acceleration (Achterberg et al. 2001; Eichler & Waxman 
2005) is also consistent with p > 2. However, a p < 2 fiat electron spectrum has been 
adapted to explain specific observations of shallow temporal decays (Panaitescu & Kumar 
2001; Bhattacharya 2001). Therefore, we choose to include all plausible alternatives. When 
evaluating the closure relations for 1 < p < 2, we adopt the treatment described by Dai & 
Cheng (2001). 

We evaluate sets of closure relations whose form is 



Using the measured values of aobs and Pots, we compare the output (\E') to the expectation 
of zero. A relation is deemed valid if the output value is consistent within the error found 
by propagating the 2a = 95.4% confidence measurement errors on a and f3. 

In the case of energy injection, the closure relations give a = f{P,q), where q is the 
luminosity index defined as L(t) = Lo(t/t;,)~'^, which is physically valid for g < 1 (Zhang 
et al. 2006; Zhang & Meszaros 2001). The energy injection closure relations in Table [T] 
reduce to the normal isotropic relations when q = I. We solve for q = g{a,P) using the 
observed values to determine q, as 



(5) 



by defining a new parameter, \E', such that: 



^ = aobs - fiPobs)- 



(6) 




(7) 



We then calculate \E', as \E' = aobs — f{Pobs, qobs)- Consequently when qobs < 1, by the criteria 
set in Equation [3, = 0. 
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3.1. Segment I 

The steep decline of segment I in the canonical X-ray light curve is probably due to 
the tail end of the prompt emission and is governed by the curvature effect, for which 
emission from different viewing angles reaches the observer with different delays due to light 
propagation effects (Kumar & Panaitescu 2000; Zhang et al. 2006). The relationship between 
the temporal and spectral slopes of the high latitude emission is 

a = 2 + (5 (8) 

or in our formulation 

^ = a - 2 - /3 (9) 

and is independent of any of the environmental or other parameters that affect the closure 
relations for the external shock. Therefore, we only use this relation to help discriminate 
segment I from other segments and we do not use this relation to constrain any of the burst 
properties explored throughout the rest of this paper. We find that ~ 41% of the segments 
I in our sample are consistent with this relation, with the remainder either steeper (~ 26%) 
or shallower (~ 34%) than this relation. 

Zhang et al. (2007b, 2009) explore steep declines in the XRT afterglow data set and 
discuss several physical explanations, finding that steep decays with and without significant 
spectral evolution can be explained by the curvature effect. They explore the subset with 
distinct spectral evolution and no clear and obvious contaminating flaring to conclude that 
the data are best characterized by an apparent evolution of a cutoff power-law spectrum. 
Those that are contaminated with flaring mix spectral evolution during the flares with pos- 
sible spectral evolution of the underlying afterglow, leading to difficulty in characterizing 
the mean spectral and temporal properties. Zhang et al. (2009) can interpret the apparent 
spectral evolution during the steep decay phase using a curvature effect model that invokes 
a non-power-law spectrum at the end of the prompt emission phase. Those afterglows with 
a steeper than 2 + [3 could also be caused by only seeing the tail of a flare and interpreting it 
as the steep decay. This is further complicated by the choice of to for determining the slope 
of the temporal decay that affects segment I much more strongly than the other segments 
(Zhang et al. 2006; Liang et al. 2006). Zhang et al. (2007b) flt to in their multi-component 
spectral evolution models to best characterize the temporal decay, rather than using the 
BAT trigger time. This method could help explain some of the deviations. However, these 
efforts are beyond the scope of this study and have little consequence for the analysis of 
segments II-IV and the study of jet breaks, so are not repeated here. 
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3.2. Segments II-III 



The closure relations governing external shocks depend on the local environment, range 
of electron spectral index, cooling regime, energy injection, peak frequency and cooling 
frequency. The pre-jet break "isotropic" relations and the post-jet break relations are given 
in Table [TJ The framework for the closure relations for the slow and fast cooling cases is 
explored by Sari et al. (1998) and expanded upon for the coUimated case by Sari et al. 
(1999). Dai & Cheng (2001) include the 1 < p < 2 cases, with additional cases given in 
Zhang & Meszaros (2004). The addition of the energy injection mechanism to explain the 
plateau portion of X-ray light curves brought additional parallel closure relation sets for p > 2 
given in Zhang et al. (2006). We extract the additional jet break relations from information 
provided in Panaitescu (2005) and Panaitescu et al. (2006). We choose not to include the 
cases of energy injection for 1 < p < 2 because this scenario is unduly complicated, unlikely, 
and often not analytically solvable. 

In segments II-III, the relationship between the electron slope {p) and the measured 
X-ray spectral slope (F) is derived in (Sari et al. 1998) as: 



Other large scale studies (Liang et al. 2008; Panaitescu 2007; Evans et al. 2008) of jet 
break closure relations address only the simplest cases of the uniform jet (Zhang & Meszaros 
2004). We also include the non-spreading uniform jet with energy injection, the laterally 
spreading uniform jet with and without energy injection and the simplest form of structured 
jets with power-law angular distribution of energy outflow from Panaitescu et al. (2006). 
We apply all of these cases for both ISM and wind environments. We choose not to apply 
any of the 1 < p < 2 closure relations that include energy injection and occur post-jet break, 
as well as anything more complex than the most simple p > 2 structured jet relations due to 
their complexity and impracticability. Closure relations for all jet models are listed in Table 
[TJ All of these relations are for on-beam geometry. In particular, the power-law structured 
jet model requires that the line of sight is within the central cone beam. 




(10) 



where z/^ and z/^ are the synchrotron and cooling frequencies, respectively. 



3.3. Segment IV 



The power-law structured jet relations are valid for a particular a and (3 provided the 
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index, k, of the angular energy distribution is less than k, where 

2^ (ISM u < z/J 
k={^, (ISM u > u,) (11) 
(Wind) 

The case oi k > k reduces to the non-spreading uniform jet relations because the core is 
dominant (Panaitescu 2005). 



3.4. Internal Consistency Checks 

The models in Table [1] can be used in succession throughout an individual X-ray af- 
terglow light curve, however several models often fit equally well for any given light curve 
segment. After fitting each closure relation to each set of a and f3, we combine them to form 
a coherent physical model for each afterglow. While we often cannot distinguish a unique 
set of closure relations, we can use information from one segment to exclude inconsistent 
relations from other segments. We assume there is no perceptible change in the circum-GRB 
environment probed throughout an individual afterglow, and therefore if either an ISM or 
Wind environment can be excluded in any segment, we exclude it for the other segments. 
We do not allow transitions from slow cooling to fast cooling within any light curve. Since 
we do not see evidence of a change of spectral index between segments in most individual 
afterglows, we require the spectral regime to remain constant throughout a light curve (i.e. 
either u < Uc or u > Uc for slow cooling, or Uc < < i^m or u > Um for fast cooling), therefore 
excluding light curve breaks due to transitions of the cooling frequency through the X-ray 
band. Theoretically, we do not expect the electron spectral index, p, to change during an 
afterglow light curve. However, because we do not include the full suite of 1 < p < 2 relations 
with energy injection, we are careful not to exclude a 1 < p < 2 model just because only 
p > 2 models are available to fit other segments. We eliminate models only on the the basis 
of their p values being inconsistent between segments, which is especially important for those 
segments with p ~ 2 and large error bars. We require a segment consistent with a particular 
isotropic model to also be consistent with a corresponding jet model in the following seg- 
ment, and conversely a jet model must be consistent with a corresponding previous isotropic 
model in terms of environment and spectral frequency regime. Similarly, any energy injec- 
tion model in segment II must be consistent with the models for the following segment (if 
present) in terms of environment and frequency regime. When a post-jet break relation with 
energy injection is applied, we require q to be consistent between pre- and post-jet break 
segments. We also only allow jet breaks to directly precede potential segments III or IV. 
Ambiguous single power-laws have no restrictions on available sets of closure relations. 
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Using these criteria, we eliminate some models to better constrain a coherent picture for 
each afterglow. Unfortunately a unique set of models is often still unattainable, as several 
equally likely relations remain. In an attempt to extract any available information from 
the remaining closure relations, we look at constraints from families of closure relations to 
determine specific properties. For example, if several closure relations are consistent with a 
particular segment or whole afterglow but they are all ISM relations, then we can conclude 
that this afterglow is consistent with the expectations of an ISM environment. This also 
works for families of relations with a common spectral frequency regime, environment, and 
pre/post-jet break regime. 

3.5. Classification 

Our sample is broken up into four groups (as described in §2.1.21) based on their temporal 
properties. These groups include the I-II-III-IV/II-III-IV sample which have distinct seg- 
ments IV, segments I-II-III, ambiguous segments II-III/III-IV, and single power-laws. The 
latter three samples may contain jet breaks and still fit within the canonical light curve pic- 
ture. The presence of observing biases can explain the missing contextual clues that would 
make jet break distinctions more clear. In order to avoid imposing biases on the results, we 
have not attempted to distinguish jet breaks based on a priori assumptions for decay indices 
or break times. 

The fact that segments II-III/III-IV light curves do not look like the canonical light 
curve is likely a result of two different observing biases: a late start or early end. The 
behavior prior to segment II was either not observed at all due to a late observation start, 
or was complicated by flaring behavior making the underlying afterglow shape unclear, both 
leading to an unknown initial steep decline. If the observations began even later, segment 
I and II would be missed, leaving only segments III-IV. Similarly, an early observation end 
would also lead to the observer missing the jet break. This end could be due to either a 
manual end of the observations because of observing contraints, or the afterglow becoming 
too faint for XRT detection. These two-segment ambiguous light curves may contain jet 
breaks as either the observed break, or with the inclusion of energy injection, the jet break 
would have occurred sometime prior to the start of the first segment. In this latter case, the 
actual jet break time is impossible to determine because either there were no observation 
prior to the start of the apparent segment II. Considering the wide range of decay indices, 
observing times, and redshifts, these limitations are likely to have influenced the data. 

Apparent segments I-II-III show some suggestions of deviation from the canonical form, 
which can also be explained by observing biases. In some cases, the temporal decay of 
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these segments III is substantially steeper than typical segments III, as if they transitioned 
directly from segment II to segment IV. Alternatively, it is possible that the segment III 
is simply missing or buried in the data due to a short duration, large error bars, or gaps 
in the light curve with segment IV appearing to follow directly after segment II. Willingale 
et al. (2007) proposed an empirical form of the canonical light curve that is made up of two 
falling exponential plus power-law functions that can explain the structure of most X-ray 
afterglow light curves. They suggest that missing phases, like that seen in the apparent II- IV 
transitions, are a result of one of the two components being particularly bright, weak, or 
short lived. 

Other types of light curves exist in the sample for which we do not observe jet breaks, 
and would not expect them to be hidden or ambiguous. These include light curves showing 
only segments I-II, where the later segments presumably occurred after observations ended. 
Another type and possible jet break sample contaminant is the so-called "naked bursts" 
which show only the initial steep decline from the prompt emission without the subsequent 
segments (II- IV) attributed to the afterglow. This is thought to occur because the surround- 
ing medium is not dense enough to produce the external shocks that power GRB afterglows 
(Kumar & Panaitescu 2000). These GRBs can appear as either single power- law decays 
or broken power-laws where the prompt emission and high latitude emission masquerade as 
segment II-III light curves in the absence of comparison to the 7-ray prompt emission. Three 
examples of possible naked GRBs that have been investigated extensively are the long GRBs 
050421 (Godet et al. 2006) and 050412 (Mineo et al. 2007), and the short hard burst GRB 
051210 (La Parola et al. 2006). To filter out these bursts we search for any light curves 
that appear to be segments II-III, have break times < 1000 sec, and are consistent with 
the high latitude closure relation (Eq. [8]); these should not be considered candidates for jet 
breaks. Using these criteria, we identify GRB 060801 as another possible naked burst in 
addition those identified in the literature that is also a short hard GRB. There may be more 
naked bursts in the single power-law sample like that of GRB 050412, but we have no clean 
way of distinguishing them, therefore we leave them for later discrimination. It is possible 
that additional naked bursts are present in the 29 GRBs excluded from the final sample due 
to their faintness and limited observations which made temporal and spectral analysis not 
possible. 

In order to learn more about these ambiguous afterglows and distinguish jet breaks, we 
apply the closure relations. The following section describes how we use the closure relations 
and the temporal behavior to identify additional jet break candidates. 
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4. Jet Breaks 

Using the above criteria and consistency checks, we define sub-samples of X-ray after- 
glows that potentially contain jet breaks. Large errors on a and (5 sometimes make definitive 
determination of afterglow properties via closure relations unfeasible. The cases where many 
(pre- and post-jet break) closure relations are consistent are evaluated using additional crite- 
ria and classified into categories based on their likelihood of containing real jet breaks. These 
additional criteria are based upon their resemblance to those afterglows with clear canonical 
jet breaks. We distinguish between those afterglows which are consistent with only post-jet 
break closure relations, those that are only consistent with pre-jet break closure relations, 
and those that are consistent with both. We divide our sample of potential jet breaks into 
4 categories. The categories are the Prominent jet breaks. Hidden jet breaks. Possible jet 
breaks, and Unlikely jet breaks. The details of their categorical definitions follow. 

4.1. Prominent Jet Break Class 

We define the Prominent jet break class as those light curves for which we can clearly 
distinguish a break between segments III and IV, with segment IV being consistent with 
post-jet break closure relations, consistent with the canonical morphology (Figure [3]). This 
conservative classification criterion requires that the light curve is composed of either seg- 
ments I-II-III-IV or II-III-IV, and the final segment is consistent with post-jet break closure 
relations. We find 30 such afterglows, 28 of which are consistent within 2a of at least one 
post-jet break closure relation in their segment IV after internal consistency checks. 

In the two inconsistent cases (GRBs 061121 and 070508), all models were eliminated in 
the process of internal consistency checks with the la criteria. The unusually bright GRB 
061121 (Page et al. 2007) was triggered by a precursor, causing the choice of Tq to affect the 
slopes, which may account for some of the deviations from the models. Page et al. (2007) 
also suggest the presence of a Comptonized component. Therefore, these outlier cases may 
not be well represented by the canonical form, have breaks due to other mechanisms such 
as the cooling frequency moving through the X-ray band, or are not valid with the suite of 
closure relations used here, and are ignored in the following analysis. 

Based on the canonical light curve form, we assume that segment IV is post-jet break. 
Therefore, the post-jet break closure relations are the only models allowed in segment IV. In 
contrast, many closure relations are allowed by the canonical form for segments II and III. 
Figure m shows an example of a burst in the Prominent jet break category with its light curve 
and the closure relations that are consistent with the data. All four segments of this burst 
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can be adequately characterized by the closure relations: segment I is consistent with the 
high latitude relation; segment II requires p > 2 and energy injection, but is consistent with 
either slow or fast cooling and either ISM or wind environment; segment III is consistent 
with either isotropic or jet-with-energy-injection relations; and segment IV is consistent with 
either a spreading or non-spreading jet with an ISM or wind environment. The resulting 
fits imply that the jet break time cannot be unambiguously established; if the II-III break 
is due to the cessation of energy injection then the III-IV break is a jet break, but it is 
also possible that the II-III break is the jet break and the III-IV break is due to the end of 
energy injection (see also Ferrero et al. 2008 for a similar analysis of this GRB). We list the 
properties of the Prominent jet break bursts in Table [2j The distributions of these properties 
will be discussed in §4.4[ 

We wish to assess the deficit of jet breaks in the XRT afterglow sample, therefore we 
must make a reasonable estimate of the fraction of our sample with jet breaks, accounting for 
a variety of observing biases. Due to various observing constraints and light curve profiles, 
not all burst observations began with an immediate slew nor were they all observed out to a 
time at which the jet break is expected to have occurred. Therefore, to calculate an accurate 
jet break fraction, we reduce our sample to only those GRBs for which the observations span 
a time frame where we would expect a jet break. Previous studies of optical jet breaks (Frail 
et al. 2001; Bloom et al. 2003; Zeh et al. 2006) showed them to occur several days after 
the GRB trigger. Instead of making a priori assumptions about achromaticity or assuming 
similar behavior, we determine the time frame during which we would expect a jet break by 
studying the Prominent jet break sample. 

The Prominent jet break sample consists of 28 X-ray afterglows with tstart ranging from 
a few minutes for those light curves that start with a segment I to an hour for those that 
start during segment II, and tgtop ranging between 2 days and 5 months (excluding late- 
time C/iandra observations). The important measurement from the Prominent sample is the 
jet break time (tb) which ranges between 0.02 and 26.2 days (excluding earlier breaks that 
suggest post-jet-breaks- with-energy- injection). Excluding the extremely late jet break case 
of GRB 060729, and the extremely early jet break case of GRB070328, the latest light curve 
break in the whole sample is ~ 12 days, with 90% occurring within 10 days. Therefore, we 
define our "complete" sample (those GRBs for which observations sufficiently cover a time 
range where a jet break could have been measured), to begin before 0.1 days and end after 10 
days. Of the 230 GRBs in our sample, 82 fit these completeness criteria. The distributions 
of observation start, stop, break, last detection, and the jet break lower limit (described in 
^ are shown in Figure O 
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4.2. Hidden Jet Break Class 

The Prominent jet break category constitutes only ~ 12% of the total sample. We 
examined the remaining light curves for evidence of "hidden" jet breaks, identified by their 
closure relations rather than the light curve morphology. Our Hidden jet break category 
includes those light curves with ambiguous final segments. We consider three ambiguous 
cases. As noted in §2.1.21 broken power-laws with a2 > ai cannot be distinguished a priori 
between segments II-III and III-IV. If the final segment is only consistent with post-jet 
break closure relations, then we designate it as a III-IV case with a Hidden jet break. The 
second ambiguous case involves three segment light curves initially classified as I-II-III in 
which the final segment is steeper than typical segments HI and consequently only consistent 
with post-jet break closure relations. Therefore, this type appears more like a I-II-IV or a 
jet-break-with-energy-injection. The third ambiguous case involves single power-law light 
curves which are only consistent with post-jet break closure relations even though the jet 
break itself is not observed. 

We find an additional 12 light curves that fit these criteria, of which 3 are from the two- 
segment ambiguous sample, 9 are segments HI from the I-II-III sample, and none are single 
power-laws. Figure [6] shows an example that was classified as an ambiguous II-III/III-IV 
until we found that its final segment is only consistent with post-jet break closure relations. 
We list the properties of the Hidden jet breaks in Table O 

Our classification of XRF 060218 as a Hidden jet break illustrates one limitation of 
our methodology. Using the closure relations in Table [1], we find a post-jet break decay to 
be the only possible outcome. In doing so we assume that the emission is due to a purely 
forward shock origin. Individual studies on XRF/GRB 060218 (Campana et al. 2006; 
Ghisellini, Ghirlanda, & Tavecchio 2007b) show a strong early thermal component related to 
the associated SN 2006aj and the observed shock break out, followed by a possible Compton 
component. Our analysis reveals an unusually steep late-time spectral slope, which may 
suggest that our models are not applicable in this individual case. Therefore, this break may 
not be due to a jet break at all. We choose treat all GRBs in our sample in the same way, 
and our methodology did not account for possible non-power law spectral components. As 
a result, a small fraction of the sample coule be mis-classified. We note that only ~ 1% of 
GRB afterglows show evidence for thermal spectral components. 
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4.3. Possible and Unlikely Jet Break Classes 

We now examine the remaining light curves to search for additional jet breaks in the 
data set that have not been previously identified as Prominent or Hidden. Of the remaining 
187 light curves, there are 43 that are consistent with only pre-jet break relations in their 
last segment, and therefore classified as non-jet breaks. The remaining 144 light curves are 
ambiguous because they are consistent with both pre- and post-jet break closure relations. 
This sample includes those ambiguous segments 11-111/111- IV, single power-laws, and seg- 
ments l-ll-lll in which segment 111 is potentially post-jet break. We use the properties of 
the Prominent jet break sample to identify possible jet breaks in the ambiguous sample. 

The samples of ambiguous segments 11-111/111- IV, segments 1-11-111, and the Prominent 
sample have the common feature of apparent segments 11-111 with a break in between, which 
is a shared distinct component that can be used to compare them. We use the Prominent jet 
break sample as a "control group" for comparisons with the other categories. Figure [7] shows 
the distributions of temporal decay indices and break times for segments II and III for all 
three groups. The temporal indices split relatively cleanly into several distinct distributions, 
especially in the Prominent sample. There is a small amount of overlap between segments III 
and IV in the Prominent jet break sample, but this is not surprising considering the multitude 
of possible model scenarios employed to explain these light curves. The distributions for the 
ambiguous segments II-III/III-IV are plotted assuming that they are all segments II-III. The 
broader and steeper distributions in this sample are consistent with some contamination by 
actual segments III-IV. The steeper than expected segments II and III from the sample of 
segments I-II-III are also consistent with the hypothesis of segment III confusion and post- 
jet-break-with-energy-injection. The break times between segments II and III, as plotted in 
the right-hand side of Figure U\ are also suggestive of these findings. The distributions are 
not nearly as narrow as those suggested by the canonical light curve form (Nousek et al. 
2006; Zhang et al. 2006), but do suggest a spread to larger break times in the contaminated 
ambiguous II-III/III-IV sample and the segments I-II-III sample. The break times are also 
dispersed due to redshift effects whose amplitude is unknown for ~ 60% of the GRBs. When 
looking only at those GRBs with known redshifts, these same distributions are narrower and 
more cleanly separated. 

To further distinguish those potential jet breaks that are in this contaminated ambiguous 
group, we look at the correlations between the temporal decay slopes from different segments 
in the same light curves. In the left side of Figure [8] we plot am versus an, ajv versus am, 
and aiv versus an for the Prominent sample as our "control group" and see a reasonably 
clean distinction between the light curve transitions in this a — a parameter space, which 
can be used to classify the remaining ambiguous segments. We use the "control group" 
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to determine the area of a — a space for each cluster of specific segment combinations. 
The mean values for each cluster from the control group are indicated by the black crosses. 
For each ambiguous light curve, we calculate the distance in a — a space to each cluster 
mean weighted by cTq,, and categorize the ambiguous segment transitions based upon their 
proximity to these mean values (right side, Figure [8]). 

These resulting new classifications lead to 21 bursts previously in the ambiguous seg- 
ments II-III/III-IV or segments I-II-III sample that are similar in a — a space to the Promi- 
nent jet break sample for the segments III-IV transition, and 26 bursts that are similar to 
the segments II-IV transition. Their consistency with post-jet break closure relations and 
temporal slopes suggest that there are indications of jet breaks in those light curves. The 
remaining 53 ambiguous light curves from this sample's transitions appear to be segments 
II-III and therefore probably pre-jet break. However, they could possibly be segment II with 
a post-jet-break-with-energy-injection segment III. We are unable to distinguish these cases, 
therefore we put these remaining afterglows into a new category called Unlikely jet breaks. 
(These light curves are called Unlikely jet breaks because their slopes are too shallow com- 
pared to the Prominent jet break as to be post-jet break.) We show example light curves 
for each of these newly segregated groups in Figures PfTTl 

Finally we examine single power-laws that are consistent with both pre- and post-jet 
break closure relations. Out of the 48 afterglows in our sample that are fit by a single power- 
law, none of the afterglows are solely consistent with post-jet break and not pre-jet break 
relations. These single power-law light curves do not easily fit into the canonical picture 
unless they are either a short snapshot of one segment or are the post-jet break component 
and therefore relevant to this study. Often these light curves are plagued by a low signal- 
to-noise ratio and few counts, which leads to minimal information to be extracted. Other 
light curves in this group are dominated by large flaring during part or all of their light 
curves, which therefore makes determination of the underlying afterglow shape impossible 
during that time interval. We fit only the portion of the light curves that clearly returns 
to the underlying non-fiaring level. However, there are a few examples of outliers that do 
not have flares and do have strong counting statistics. The most notable and best sampled 
X-ray afterglow in this outlier group is that of GRB 061007 which displayed a very bright 
exceptionally smooth single power-law. Schady et al. (2007) showed that this must be either 
due to a very late-time jet break requiring enormous kinetic energy or an exceptionally early 
jet break (tb < 80 s) with highly collimated outflow from a jet that includes continuous 
energy injection throughout. We do not exclude these isotropic models with extreme en- 
ergy requirements from our global study, but these extreme energy requirements are a valid 
concern addressed in §4.5[ 
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We attempt to filter the single power-laws that are a result of a short pre-jet break 
segment from those that represent a post-jet break decay. In the context of the canonical 
X-ray afterglow, we should be able to look at the relationship between observation start 
and stop times, and the temporal decay to distinguish pre- and post-jet break. Figure ITU 
shows the relationship between the time that the observations begin and the time of last 
detection as a function of a. Unfortunately there are only 14 redshifts measured of the 
48 total GRBs in this category that are consistent with at least one post-jet break closure 
relation. Therefore, to include as many potential jet breaks as possible, the times used in the 
following distinctions are in the observed frame and not the rest frame. There appears to be 
a general trend that suggests that those single power-laws for which observations began late 
(> 10^ s) tend to be steeper [a > 1.2) than those that start early and continue for a long 
observation. We make a cut in this parameter space and deem those afterglows that start 
within or traverse the time frame for which we would expect jet breaks (from the Prominent 
sample) and have steep (a > 1.5) decays as Possible jet breaks and add them to that sample. 
These 6 bursts are indicated in Figure [121 The remaining single power-law afterglows that 
appear to be pre-jet break are put into the Unlikely jet break category. 

We present the complete sample of Possible jet breaks in Table IH The probable jet 
break time for each light curve is identified as tb- However, some ambiguity still remains of 
whether this is the time of the jet break. Therefore, we also list the tstart and Uastdet (the 
time of last detection, if relevant) because they provide limits on the jet break time if the 
jet break is not t^. Using the completeness criteria described in §4.11 we find that at least 
23% of the Possible jet breaks and 35% of the Unlikely jet breaks were observed sufficiently 
long enough that we would expect to have seen a jet break during their observations. 

The 6 afterglows that are inconsistent with all closure relations after internal consistency 
checks, but have temporal behavior of their final segments similar to Prominent segments 
III-IV or II-IV are also included in the Unlikely jet break sample. The breaks in these 
cases may be due to origins other than those in the canonical model such as transition of 
the cooling frequency through the X-ray band or Compton processes. They may also be 
contaminated by small scale fiaring that is not removed by our methods. They are denoted 
in Table H] by "none" in the requirements field. 

The criteria, inputs, and final memberships of the Prominent, Hidden, Possible, Unlikely, 
and Non-jet break categories are summarized in Table [71 The non-jet break category includes 
all remaining bursts, most of which are segment I-H transitions. 
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4A. Significance of Closure Relation Distinctions 

We evaluated the statistical significance of the jet breaks identified by closure relation 
distinctions by running a series of Monte Carlo simulations. These specific samples include 
those GRBs for which we have a distinct segment IV, ambiguous segment II-III, segment 
I-ll-lll with no segment IV, and single power-laws. We generated 1000 mock sets of a, /3, aa, 
and af3 for each segment in each simulation by drawing random numbers from the Gaussian 
distribution of each of these parameters from the real data. These 1000 sets of light curve 
parameters for each sample are fit with the closure relations as we did with the real data 
including the application of the internal consistency checks. 

The Monte Carlo simulations are used to determine how many Hidden jet breaks might 
result from random variations in as and jSs due to measurement errors. The fraction of 
Hidden jet breaks in this randomized sample indicates to us how many false Hidden jet 
breaks we would expect to see in the real sample. Based on the simulations, we would 
have expected 6.0 ± 0.6 final segments only consistent with post-jet break closure relations, 
compared to the 12 found in the real data. Therefore, at least half of these Hidden jet breaks 
appear to be real. 



4.5. Jet Opening Angles and Energetics 

We measure jet opening angles using the methodology of Burrows & Racusin (2007), 
originally derived from Sari et al. (1999) and Frail et al. (2001) where the opening angle of 
a uniform jet is defined as: 

Oj = 0.057 ^tf^ (12) 

/ 3.5 fVjV^^f n 
^^[TT^J \oI) \E~^3) ^^^^ 

where dj is the inferred jet half-opening angle, tj is the jet break time in days, z is the 
redshift, t]^ is the assumed radiative efficiency, n is the ambient number density in cm~^, 
and E^^iso,53 is the rest frame isotropic equivalent energy radiated in gamma rays between 1 
keV and 10 MeV in units of 10^^ ergs. We assume ~ 1 cm~^ in all cases. The dependence 
on n is also only 1/8, and therefore has only a small effect on 6j. 

Equations [T2] and [T3] are only valid for a constant density (ISM) medium. For the 
sake of comparison with pTe-Swift values, and because we find no afterglows that are solely 
consistent with Wind medium models, we use only these ISM relations for determining the 
jet opening angle. 
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Zhang et al. (2007a) measured GRB efficiencies from the X-ray afterglow kinetic energies 
and found that GRBs have a distribution of rj^, with most showing rj^ < 0.1. Therefore, we 
choose to use a universal value of rj^ = 0.1 and make comparisons with the values of listed 
in the literature (Bloom et al. 2003; Frail et al. 2001) for pie-Swift bursts. The dependence 
on 7]^ is to the 1/8 power, therefore it has only a weak effect on the 6j estimates. 

Unfortunately E^^i^o is often not a well constrained quantity. To properly measure the 
bolometric fluence (approximated as the fluence between 1 keV and 10 MeV), coverage to 
harder energies beyond the hard X-ray band of the BAT (15 — 350 keV) is needed. In a 
handful of cases, simultaneous high energy spectral information is available in the literature 
from Konus-Wind or Suzaku that can properly characterize the spectra. We describe our 
calculations of -E-y^iso in Appendix A. Many assumptions whose error contributions to E^^iso 
are unknown go into these calculations. Therefore these determinations of E^^iso are to be 
taken with caution. The dependence on E^^iso in the jet opening angle calculations (Eqs. 
[T2] and [T3l) is only to the 1/8 power, consequently having minimal impact on that quantity, 
but substantial impact on the estimate of the total collimated energy output (E^). The 
distribution of E-y^iso for our sample is shown in Figure [I3] with the pie-Swift values (Bloom 
et al. 2003) for comparison. The Swift E^^iso distribution peaks at and extends to lower 
energies than that of the pie-Swift era. This is probably an effect of the lower thresholds 
and softer energy response of the BAT. 

We plot our break times in Figure dH For each burst, using the measured ti, and 
redshift, and estimated E^^iso, we can determine the jet half-opening angle from Eq. [T21 Our 
estimated values of 9j and the resulting E^ (Eq. [H]) are listed in Tables [2l|4] and plotted in 
Figures [15] and [161 along with the pie-Swift values. The Prominent jet break distribution 
(with measured redshift) has a mean (median) 6j = 6.5 (5.4) degrees, slightly smaller than 
the pie-Swift measurements. The other categories of jet breaks have even narrower opening 
angles corresponding to even earlier potential jet breaks. These earlier breaks may be largely 
due to post-jet-breaks-with-energy-injection or contamination by light curve breaks that are 
not jet breaks at all. 

Only 85 of our total 230 GRBs have measured redshifts. For candidate jet breaks without 
measured redshifts (indicated by dashes in Tables [2K1]) , we assume z = 2.3 oi z = 0.4, and 
E-y^iso = 3.7 X 10^^ ergs to get an estimate (or limit) on 6*^ (^ ~ 1.2; Eq. [13]). The redshift 
values of z = 2.3 oi z = 0.4 that we assumed for GRBs without measured redshifts is the 
mean redshift of Swift long and short GRBs, respectively for our sample. These values are 
similar to those discussed in the literature (Jakobsson et al. 2006b; Bagoly et al. 2006; 
Fiore et al. 2007). However, the measurements in the literature were based on the first two 
years to the Swift mission when the mean redshift was slightly higher. More recent estimates 
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suggest that the redshift in the third year of the Swift mission is lower. This difference in 
redshift has only a small impact on the derived opening angles. We use the median value of 
the E^^iso distribution from those long GRBs with measured redshifts to estimate 9j and 
for those GRBs without measured redshifts. 

For those X-ray afterglows where the last light curve break is consistent with one of the 
post-jet break closure relations, we list the jet half-opening angle (6'^), model requirements, 
and input parameters in Tables whether we have measured or assumed the required 
relevant parameters. We show the distributions of measured tj,, 6'j, and E^ for all of those 
light curves in the Prominent, Hidden, Possible, Unlikely, and non-jet break samples in 
Figure [T71 and compare the distributions for those with redshifts and measured E^^iso and 
those for which we had to assume average values. There is no significant difference between 
the distributions with and without measured redshifts. 

We can now characterize the energy budget of these GRBs. Using our measurements 
of Oj and E^^iso from the sources described above, we calculate E^^ the coUimated GRB 
energies, as: 

E^ = E^^iso{l - cos 6j). (14) 

These values and limits are listed in Table [2ll6l The distribution of E^ is plotted in the right 
panels of Figure [T71 Compared to pre-Swift optical jet break measurements which tightly 
cluster around E^ ~ 10^^ ergs (Bloom et al. 2003), our sample is less energetic, with a 
median value for the long bursts with estimated E^^iso in Prominent jet break sample of 
~ 9.8 X 10^^ ergs. This measurement is in agreement with that obtained by Kocevski & 
Butler (2008). 

5. Discussion 

There are several different observational categories of potential jet breaks that do not 
look like the conventional jet breaks that strictly follow the canonical form on which previous 
studies have focused. These categories include post-jet break segments with energy injec- 
tion in segment III where the normal isotropic models do not fit, apparent segment II-III 
light curves in which the latter segment requires a post-jet break model suggesting they are 
actually segments III-IV, apparent segments II-III that have temporal decays suggestive of 
a III-IV or even a II-IV transition, other segments III that require a post-jet break model 
and cannot be fit by any of the isotropic models, and single power-laws that are apparently 
post-jet break. Those classifications for which we are at least somewhat confident are in- 
cluded in the Prominent, Hidden, and Possible jet break categories. Those that have some 
characteristics suggestive of post-jet break decay, but have temporal decays are similar to 
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pre-jet break decays are placed in the Unlikely jet break category. 

Perhaps the most unexpected of these categories is the post-jet-break-with-energy- 
injection scenario which has been suggested as an alternative option to explain specific GRB 
afterglows (Panaitescu et al. 2006; Gates et al. 2007; Schady et al. 2007; de Pasquale et al. 
2008). The idea of energy injection continuing after the jet break has intriguing implications 
for jet break studies. Energy injection would have the effect of making the temporal decay 
shallower than the underlying jet break until the energy injection ends, which would then 
manifest as another break in the light curve. This implies that sometimes the break be- 
tween segments II and III is not caused by the cessation of energy injection in the isotropic 
model but rather by continuation of energy injection through the jet break with the break to 
segment IV occurring only after energy injection ceases. We find 4 examples in the Promi- 
nent jet break category and 7 in the Hidden jet break category which require this scenario 
to explain our model fits, in addition to many other segments III that are consistent with 
post-jet-break- with-energy-injection models. This is significantly larger than the 7.4 ±1.0 
that we would have expected from our Monte Carlo simulations. These specific bursts are 
indicated in Table [2H3] with the alternative jet opening angle and jet break time listed for all 
of those for which at least one post-jet-break- with-energy-injection model is consistent. 

Many single power-law light curves can be explained within the context of the canonical 
light curve formalism by observing biases (e.g. late start times, early stop times). However, 
there are several exceptions. Some simply have large errors in a due to light curves with 
few bins. A few well constrained outliers remain, the most notable being GRB 061007, 
whose light curve extends from 80 s to nearly one million seconds after the trigger, with 
a continuous, well constrained, steep, smooth temporal decay. If we assume that these 
afterglows behave like the canonical light curve, these results imply that the steeper single 
power-laws are post-jet break decays where the preceding light curve segments were either 
missed due to a late start or masked by fiaring activity. 

In order to gauge the likelihood of these exceptions being pre- or post-jet break, we 
calculate the expected coUimated energy outputs limits (i?^) in the method described in §4.51 
for these bursts if the jet breaks were prior to the start of the observations or after the end 
of the observations (Figure [TH]). Those bursts for which the observations extend beyond the 
time frame for which we would expect a jet break based on the behavior of the Prominent 
jet break category require enormous collimated energy outputs (^ 10^^ ergs), suggesting 
that the jet break was prior to the observation start. These early jet breaks are difficult to 
explain in terms of the canonical form. There are 10 of these single power-law afterglows 
that persist through the entire expected jet break time window, 3 of which have very well 
sampled light curves (GRB 050716, GRB 061007, GRB 061126). The 2 other than GRB 
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061007 have relatively shallow decays (a ~ 1), suggesting they are pre-jet break. Perley 
et al. (2008) and Gomboc et al. (2008) demonstrate inconsistencies between the optical and 
X-ray properties of GRB 061126 suggesting an additional component in needed to explain 
the X-rays which is outside of the standard model. These bursts remain enigmatic and 
are difficult to understood in the context of the majority of Swift burst. They may have 
exceptionally late jet breaks, or perhaps do not break at all, implying a large jet opening 
angle or perhaps isotropic outflow. 

Another variation on the unusual non-canonical light curve categories arc those with 
segments 1-11 where segment 11 has a slope of ~ 1 and is consistent with the normal spherical 
decay closure relations as well as the normal decay with energy injection relations. There 
are 19 light curves in our sample that fit these criteria. This deviation from the canonical 
behavior implies either that these GRBs did not experience the energy injection phase, or 
that segment I was misidentified due to fiaring behavior. These objects may be similar to 
the shallow single power-law light curves except that their steep decay was observed first. In 
fact, 5 of these light curves fit our completeness criteria like those exceptional single power- 
law cases, implying that they are unusually long lived for segments II or III. Perhaps the 
lack of energy injection or cause of this phase differs somehow from that of the canonical 
afterglows. It is interesting to note that these X-ray light curves (after segment I) would 
have been considered normal in the pre-Swift era. 

We have unearthed many additional jet break candidates in the data, but the funda- 
mental question remains: why do more afterglows not have obvious jet breaks? The most 
straightforward and plausible explanation for the lack of conventional jet breaks in XRT 
light curves is simply that the observations end before the jet breaks occur. The more fun- 
damental question is what makes these afterglows for which we do not observe jet breaks 
different from those for which we do observe jet breaks? 

We have some cases of jet breaks at very late times (> 10^ s). At these times, the 
fiuxes are low, and uncertainties on the data points are large, making it difficult to detect 
jet breaks. In fact, many light curves end before this time frame, in which case we could 
be missing the jet breaks completely. Curran et al. (2008) simulated GRB afterglow fight 
curves based on real XRT data and showed that hidden jet breaks could be present in even 
well sampled XRT light curves. We evaluate the probability that such a bias exists within 
our data set by doing a similar exercise, calculating the last time at which a jet break could 
occur without being detectable. This time is determined by forcing an additional break into 
the light curve with a slope equal to a/ + 1, where is the measured slope of the last light 
curve segment. We then find the earfiest break time that increases the overall by 2.7 
(corresponding to 90% confidence for one parameter of interest). We refer to this time as the 
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jet break lower limit {tjuim)- We excluded light curves with segment IV from this analysis, 
and find that an additional 8% of the light curves could not be fit in this way; in these cases 
the jet break limit is the time of the last detection. 

The distributions of times of last detections, jet break lower limits, and times of potential 
jet breaks in both the observed frame and rest-frame are shown in Figure [191 The distribu- 
tions of jet break times for the Prominent, Hidden, and Possible jet break categories overlap, 
with the latter sample peaking at an earlier time. This might be due to contamination in the 
Possible jet break sample by breaks that are not jet breaks. These other breaks may be from 
the segment II-III transition, or the previously mentioned jet-breaks-with-energy-injection 
(between segments II and III) which tend to occur earlier than other (segment III-IV) jet 
breaks. The important thing to extract from Figure [TI?] is that the majority of the bursts in 
the Unlikely jet break and non-jet break categories have last detection and jet break lower 
limits consistent with the range of Prominent jet break times. It is probable that these light 
curves had jet breaks after XRT observations ended or that were buried within the noise of 
the late time data. There are a few exceptions to this, particularly in those single power-law 
light curves mentioned above that would have had to have their jet breaks very early (few 
xlOO s) and did not break even beyond the expected jet break times. Perhaps these few 
bursts are fundamentally different from those with jet breaks. 

We also included short hard GRBs (SHBs) in our study of jet breaks, treating them 
the same as the long bursts except in the calculation of E^^iso- Only the brightest X-ray 
afterglows of SHBs were included in our study, which may bias the understanding of this 
group in terms of the faint and quickly fading subsample that did not meet our minimum 
requirements. The SHBs were placed into similar jet break subsamples as the long GRBs 
(i.e. 2 Prominent, 4 Possible, 3 Unlikely, and 4 non-jet breaks). The SHBs have on average 
smaller values of E^^iso and E^ than the long bursts. Those SHBs that show jet breaks 
and similarity to the canonical model perhaps have some fundamental differences in their 
environments or physical mechanisms from those that simply fade quickly (Troja et al. 2008; 
Sakamoto & Gehrels 2009). 

Comparing this work to other recent studies of jet breaks in X-ray afterglows (Burrows 
& Racusin 2007; Willingale et al. 2007; Panaitescu 2007; Kocevski & Butler 2008; Liang 
et al. 2008; Evans et al. 2008), we find significant overlap with our jet break candidates. 
Most differences can be attributed to differing interpretation of light curve fitting and fiaring 
and generally more limited jet break definitions in those other studies. Each study used 
independent jet break criteria and there were several different independent data analysis 
pipelines. Our work builds upon these other studies with our systematic analysis of the 
interaction between all of the light curve regions for each burst, broad closure relation model 
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usage, careful searches for jet breaks buried in the data, and characterization of the energetics 
and hmits. 



6. Conclusions 

Pre- Swift expectations for GRB X-ray afterglows have been substantially revised with 
the great wealth of XRT observations. While we try to categorize and classify their proper- 
ties, there is still a wide range of unexplained diversity in GRB afterglow properties. Within 
the limits of theoretical expectations and observational biases, we have attempted to survey 
the properties of the X-ray afterglows. 

In agreement with some previous studies (Burrows & Racusin 2007, Liang et al. 2008, 
WiUingale et al. 2007, Kocevski & Butler 2008, Evans et al. 2008), we find only a small 

fraction (~ 12%) of our total sample has a late-time break that is clearly a jet break justified 
by the closure relations. We find an additional ~ 30% with observational biases that make 
segments IV non-distinct but with a strong case for post-jet break temporal and spectral 
properties. Some of the bursts in our sample remain ambiguous in the jet break designation. 
Despite not being able to make absolute claims about these specific bursts, we demonstrate 
that there are jet breaks hidden within the data and observational biases. This suggests that 
there are ~ 20% more jet breaks in the XRT afterglows than previous studies have revealed 
and at least 40% of the missing jet breaks can be attributed to observational biases. Some 
of our light curves that require energy injection to continue post-jet break may have been 
previously misidentified as the end of the energy injection phase. 

Evans et al. (2008) also explores the canonical X-ray afterglow form using the XRT 
sample, where they find that less than half of all hght curves behave canonically, and one 
quarter arc "oddballs" . Many of these "oddballs" can be explained by the scenarios we use 
to describe the ambiguous cases discussed in this paper. While their approach is somewhat 
different, their conclusions are similar to ours. 

Our study requires post-jet break energy injection to explain 4 cases of the Prominent 
jet break sample and 11 others in the Hidden jet break category. This modification to 
the canonical X-ray afterglow form alters expectations from simply studying the light curve 
alone, and adds to the theory needed to explain the diversity of observed properties. 

These explanations do not solve all of the remaining problems related to jet breaks. 
Several afterglow light curves, particularly the ones who can only be fit by a single power- 
law, persist with a constant slope prior to and beyond the times for which we would expect a 
jet break. These bursts require either an exceptionally early jet break (sometimes before 100 
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sec) or an exceptionally late jet break, requiring a large jet opening angle and an enormous 
10^^ erg) coUimation corrected energy output. 

Swift GRBs are on average at higher redshifts, smaller jet opening angles, lower isotropic 
equivalent energies, and lower coUimated 7-ray energies compared to GRBs observed prior 
to Swift. Some of these effects can be attributed to the lower energy coverage and supe- 
rior sensitivity of the Swift -BAT. However, the consequences of these observational biases 
towards selecting different sorts of bursts is unexpected. 

One of the fundamental predictions of the jet break models used in this work is achro- 
matic behavior in a single spectral component. The jet break should be a purely geometrical 
effect and should therefore not be limited to the X-ray afterglows. Other components of the 
afterglow geometry may be more closely tied to emission segments and mechanisms making 
direct afterglow comparison difficult. Modeling of the complete spectral energy distribution 
would be necessary to understand how the spectral breaks might influence the chromatic light 
curve behavior. This would be further complicated by uncertainties in the optical extinction 
and X-ray absorption. These detailed spectral studies, which are beyond the scope of this 
work, would provide additional information if simultaneous optical, infrared, and radio ob- 
servations were available to narrow down the closure relations models and better constrain 
the physical models. Liang et al. (2008) have already made some progress on exploring 
multi- wavelength approach to this problem, specifically evaluating cases of chromatic versus 
achromatic breaks. 
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Fig. 1. — Canonical X-ray afterglow light curve defined by Zhang et al. (2006) and Nousek 
et al. (2006). Segment I is generally attributed to high latitude emission. Segment II is due 
to continuous energy injection by the central engine. Segment III is the normal spherical 
decay of the afterglow. Segment IV is the post-jet break decay. Segment V (not shown) is 
due to flares which can occur during any phase, in multiple, and in widely varying strengths. 
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Fig. 2. — Distributions of light curve decay indices (a, left), and corresponding spectral 
indices right). The top panel in each figure shows the single power-law cases, while 
the other panels are split into light curve segments as identified in Figure [H Note that 
the overlap in the temporal distributions of segments II and III are due to contamination 
from ambiguous light curves as described in §4.31 The dashed line at a = indicates the 
distinction between rising and decaying light curves. 
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Fig. 3. — Arbitrarily scaled light curves and temporal fits for all Prominent jet breaks in the 
observed frame (left) and rest frame {right, where available). The final light curve break is 
indicated by the vertical line in the same color as the light curve and fit. 



-41 - 



10 



GRB060605 




10^ 10^ 10* 

Time since BAT trigger (s) 



10° 



10" 



lla 



lib 



lie 



lid 



ilia 



ilia 



lllc 



lllb 



llle 



llld 



llle 



IVa 



IVa 



IVb 



IVc 



IVd 



IVe 



IV 



'P = a - f(P) 



Fig. 4. — Top panel shows the hght curve in (0.3 — 10.0 keV counts s^^) and fits for GRB 
060605, an example of a Prominent Jet Break. The four lower panels show the fits to 
the closure relations for the cases that are consistent with the data at the 2a confidence 
level. An x-axis value consistent with = (dashed line) is valid. The relations that 
involve energy injection require the q parameter to be consistent with g < 1, which is 
evaluated by the parameter (Equation [H]). la - HighLat; lla - ISMs2ai {p = 3.20;!^o;43, g = 
0.02+°:^^); lib - ISMs3az {p = 2.201°;^^, g = 0.03+°|6); Ifc - WINDsSai {p = 2.20+°;^^, g = 
Omtoir); lid - ISMf2ai (g = 0.07l[J:^^); He - ISMfSai {p = 2.20l|];^tg = 0.03l|]|?); Ilf - 
WINDfSai {p = 2.20+1]:^^ g = 0.03l:[J|^); Ilia - ISMs3a {p = 2.51+|];|); Illb - WINDsSa {p = 
2.51^15:1); IIIc - ISMfSa {p = 2.5ll[5:|); Illd - WINDfSa {p = 2.51^2:1); Ille - JETs3at (p = 
2.5llJ]:i,g = O.ntoit); Illf - JETsISM2ai {p = 3.5lt[!;|,g = 0.27t[J:J^); Illg - JETsISM3ai 
{p = 2.51+°:|,g = 0.36+°J3); IVa - JETs3a {p = 2.23+°;!^); IVb - JETs3b {p = 2.231°;^^); 
IVc - JETsISM2a {p = 3.23l|]i^); IVd - JETsISM3a {p = 2.23l[5i^); IVe - JETsISM3b 
{p = 2.23l[Ji^); IVf - JETsWIND3a {p = 2.23^0^) 
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Fig. 5. — Distributions of observation start times, stop times, time of last detection, jet 
break lower limit, and time of last measured breaks. 
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Fig. 6. — Same as Figure HI except for GRB 050802, which is an example of the Hidden Jet 
Break category, lla- ISMs2ai {p = 2.73l[]:i, Q = O-SS^aJg); Ilia- JETs2ai {p = 2.7ll[ji^, q = 



0^38+0.09^ 
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Fig. 7. — Histograms of temporal decay indices (left) comparing segments II-III of Prominent 
jet break sample to those of the ambiguous II-III/III-IV sample and the segments I-II-III 
sample. The distributions of break times (right) between segments II and III {tb,2: grey) for 
all three samples are plotted with the break times between segments III and IV (t^.a, dashed 
line) shown for comparison. These distributions are similar with an excess at larger break 
times in the ambiguous segments II-III/III-IV and segments I-II-III samples. 
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Fig. 8. — Correlation between temporal decays of Prominent jet break sample (left) segments 
II, III, and IV showing parameter space of segment transitions II-III (red), III-IV (orange), 
and II- IV (magenta) used to classify the ambiguous transitions of the Hidden jet break sample 
(blue) and distinguish the Possible and Unlikely jet break samples (grey). The black crosses 
mark the means of each potential transition group. The resulting classified transitions [right) 
are based upon their scaled proximity to the mean from the Prominent jet break sample with 
the newly classified segments II-III (purple), III-IV (cyan), and II- IV (green). Parameter 
errors are plotted with 2a confidence intervals. 
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Fig. 9. — Same as Figure HI except that GRB 071020 is an example of those that were 
classified based upon the a — a parameter space criteria into an Unlikely jet break because 
it showed an apparent segment II-III transition. Ila - ISMs2ai {p = 2.7911q^I, 1 = 0-36lo;46); 
lib - ISMf2ai {q = 0.941°;^^); Ilia - ISMs2a {p = 2.46+[J:}^); Illb - JETs2ai {p = 2AQto\% q = 
0.28l[5:[!?); IIIc - JETsISM2ai {p = 2.46l[5:i^, q = 0.57toZ) 
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Fig. 10. — Same as Figure HI except that GRB 051008 is an example of those that were 
classified based upon the a — a parameter space criteria into a Possible jet break with an 
apparent segment III-IV transition. Ilia - ISMs2ai {p = 2.98toit,q = O.eOlJ^;^^); Illb - 
ISMs3a {p = 1. 98^15:^^); IIIc - ISMsSb {p = IMtof^)] - ISMsSai {p = 1.98toiiq = 
0.90t^Qily, Ille - WINDs2ai {p = 2.98^0% q = -O.ll^l^;^^); Illf - WINDs3a {p = 1.98+[J:^^); 
Illg - WINDsSh {p = 1.98^15:^^); Illh - WINDsSai {p = l.98to% Q = 0-90l[]:|); Illi - ISMfSa 
(p = 1.98l°:^6). jjjj _ jgMf3b (p = 1.98+°:^6). jjj^ . jgMf3az {p = 1.98^°;^^,g = 0.90+°;!); 
nil - WINDf3a {p = l.98toit); Hlm - WINDf3b {p = 1.98^1^:^^); Illn - WINDf3ai {p = 
l.98t^Qil 1 = 0-90l!5:i); IIIo - JETs3ai {p = 1.98l|];^^, q = 0.17l|];^^); IIIp - JETsISM3ai {p = 
1.98toitq = O.Sltoit); Illq - JETsWIND3ai {p = 1.98^|];^^,g = 0.60l[J|?); IVa - ISMs2a 
{p = 3.28l[5i^); IVb - WINDs2a {p = 3.28l[!i^); IVc - JETs2ai {p = 3.28t[Ji^, q = O.Srtofj); 
IVd - JETs3a {p = 2.28+°^^); IVe - JETs3b {p = 2.28+°;!^); IVf - JETs3ai {p = 2.28+°;^^, q = 
0.78lE5:^^); IVg- JETsISM2ai {p = 3.28+[!i^, q = 0.73l|]:??); IVh- JETsISMSa [p = 2.281^;^^); 
IVi - JETsISM3b {p = 2.281^;^^); IVj - JETsISM3ai {p = 2.28l[5i^,g = LOO^JJ^^); IVk - 
JETsWIND3a {p = 2.28^0%)^ IVI - JETsWIND3ai {p = 2.28t^oil,q = l.lQtoH) 



-48- 



GRB061201 




10" t . . . . j 

10 10^ 10^ 10" lO'^ 10*^ 

Time since BAT trigger (s) 



— I — I — I — I — I — I — I — I — I — 1 — I — I — I — I — I — I — I — I — I — 1 — I — 1 
Ma , 1 


1 — I — I — I — I — I — I — I — 1 — I — I — I — I — I — I — I — I — I — 

II 


IIP « 




llh 1 




lln ,1 




lid 1 . 




Mr i 




IIP ; 




llf i 




IVa 1 


• IV 


IVa , ' 




IVh , 1 




IVn 4 




IVrl ' , 




IVe 1 i 




IVe ,1 




IVf 1, 




ivg 





-2-10 1 2 

'P = a - f(P) 



Fig. 11. — Same as Figure HI except that GRB 061201 is an example of those that were 
classified based upon the a — a parameter space criteria into a Possible jet break with 
an apparent segment II- IV transition. Ila - ISMs2a {p = 1.93to;45); lib - ISMs2ai (p = 
1.93;°:^°,g = OMtoil); He - WINDs2ai {p = 1.93+°i°,g = 0.08+°:^^). jj^ _ iSMf2ai {q = 
l.SSt'^-lt); He - WINDf2m {q = 1.35l'',lly, - JETs2m {p = 1.93l°i°,g = OMt'^oit); 
Ilg - JETsISM2ai {p = 1.93l[Ji^,g = 0.38^1^:1); Ilh - JETsWIND2ai \p = l.dStoHq = 
0.05^E5:24); IVa - WINDs2a {p = 2.22^^;^^); IVb - JETs2a {p = 2.22^^;^?); IVc - JETs2b {p = 
2.22tli^); IVd - JETs2ai {p = 2.22lJ;^f,g = O.TStoH); IVe - JETsISM2a (p = 2.22^^;^^). 
IVf - JETsISM2ai {p = 2.22tlilq = l.lltoil); IVg - JETsWIND2a {p = 2.22+^;^?^; IVh - 
JETsWIND2b {p = 2.22+^;^^); IVi - JETsWIND2m {p = 2.22lJ;^?,g = 0.94+°;^?) 



3.0 
2.5 



2.0 



b 1.5 



1.0 



0.5 
0.0 

10^ 10^ 10=' lO'' 10= 10^ 10'' 

^start \b\\rr\ 

Fig. 12. — Representation of those light curves that are best fit by a single power-laws 
and their duration from the start of observations to their last detection and the slope of 
the temporal decay. Note that these times exclude segments of flaring prior to or after the 
single power-law observations for which the shape of the underlying afterglow cannot be 
determined. The data suggest that the majority of light curves with shallower temporal 
decays begin early and end early and steeper decays begin later and end later. Note that 
these times are in the observed frame due to a lack of available redshifts for this sample. 
The thick reference line indicates the time interval during which jet breaks occur in the 
Prominent sample. Those bursts whose t start begins during the jet break time interval and 
whose a > 1.5 are suspected to be jet breaks and indicated by the dotted lines. 
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Fig. 13. — Distribution of our estimated E^^isoS for GRBs with measured redshifts in the 
Prominent jet break sample (grey sohd), and the Hidden and Possible jet break samples 
(dashed lines), compared with the pre-Swift measurements (filled hatched histogram) from 
Bloom et al. (2003) with measured redshifts. Note that the 9 SHBs for which we were able 
to estimate E^^iso dominate the low energy end of this distribution. 




log\(s) 



Fig. 14. — Distribution of our estimated break times for GRBs with measured redshifts in 
the Prominent jet break sample (grey solid), and the Hidden and Possible jet break samples 
(dashed lines), compared with the pre- Swift measurements (filled hatched histogram) from 
Bloom et al. (2003). 
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Fig. 15. — Distribution of our estimated jet half-opening angles {6j) for the GRBs with 
measured redshifts in the Prominent jet break sample (grey solid), and the Hidden and 
Possible jet break samples (dashed lines), compared with the pre- Swift measurements (filled 
hatched histogram) from Bloom et al. (2003). Note that we recalculate 6j for the pre- Swift 
sample so that the formalism and density estimates are comparable. 
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Fig. 16. — Distribution of our estimated collimation corrected 7-ray energy (E^) for GRBs 
with measured redshifts in the Prominent jet break sample (grey solid), and the Hidden and 
Possible jet break samples (dashed lines), compared with the pre- Swift measurements (filled 
hatched histogram) from Bloom et al. (2003). Note that we recalculate for the pre- Swift 
sample using the values of 9j shown in Figure [151 
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Fig. 17. — Distribution of tt, (left) for all potential jet breaks with measured redshifts (dark 
grey), those without measured redshifts (hatched lines). The jet break lower limit for Unlikely 
and Non-jet breaks are also shown with (dashed line) and without redshifts (dotted line). 
Distributions of 9j (center), and the coUimated energy output, (right), are presented for 
the same samples. Those GRBs without measured redshifts are assumed the average values 
of 2; = 2.3 for long bursts or 2; = 0.4 for short bursts. 
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Fig. 18. — Distributions of coUimated 7-ray energy output limits (top) for single power- 
law light curves using jet opening angles estimated by using tstart{solid histogram), tjuim 
(hatched histogram), tstop (dashed line). The bottom panel also shows the distributions of 
assuming jet break after tj^nm or tgtop for post-jet break candidates from Figure [12] and 
assumes pre-jet break limit for remaining single power-law light curves. When no redshifts 
are available, we assume E^^iso = 10^^ ergs and z = 2.3 for long bursts or z = 0.4 for short 
bursts. 
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Fig. 19. — Distributions of times of the last detection, jet break lower limit, and time of 
potential jet breaks for the different categories of jet break in both the observed frame (left) 
and rest frame (right). 
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Table 1. Closure Relations 
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ISM, Structured Jet 
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P 
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Note. — Convention Fi, oc adopted throughout. Structured Jet relations re- 

quire k < k with fc defined in the text. Closure relations reference codes used in 
Figures H d MTT\ with references noted in subscripts. (la) ISMs2a^''^ , {lh)ISMs2b^'^ , 
{lc)ISMs2af, {2&)ISMs3a^'^ , {2h) IS Ms3b^ , {2c)ISMs3ai^ , {3a)ISMf2a}^^ , {ih)ISMJ2b^, 
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{3c)ISMf2af, {4&)ISMf3a^-^, {4h)ISMf3b\ {Ac)ISMf3af, {5a)WINDs2a^-'^, {5h)WINDs2b^-^, 
{5c)WINDs2af, {6ei)WINDs3a^'^, {6h) WINDsSb^'^, {6c)WINDs3af, {la)WINDf2a}-'^ , 
{7h)WINDf2b^, {7c) WINDf2af , {8a) WINOfSa}'"^, {Sh) WINDfSb^ , {Sc) WINDfSaf , 
{9a)JETs2a}, {9h) JETs2b^^^, {Qc)JET2ai^, {10a)JETs3a}, (lOh) JETsSb^'^ , {10c) JETsSai^, 
[lla) JETsISM2a^, {Uh). JETsISM2b^ , {nc)JETsISM2ai^^^ , {l2a)JETsISM3a^ , {l2h)JETsISM3b^ , 
{I2c) JETsISM3ai^^^, {l2,a)JETsWIND2d' , {l3h)JETsWIND2b^ , {nc)JETsWIND2ai'^'^, 
{Ua)JETsWIND3a^, {Uh) JETsWIND3b^ , {Uc)JETsWIND3ai^'^, {15)JETsoISM2a^, 
{16) JETsoISMSa^, {17) JETsoWIND2a^, {18) JETsoWIND3a^ 

References. — (1): Zhang & Mcszaros (2004), (2): Zhang ct al. (2006), (3): Dai & Cheng (2001), 
(4): Modified from Panaitescu et al. (2006), (5): Modified from Panaitescu (2005). 
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Table 2. Prominent Jet Breaks 
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060807 


I-II-III-IV 


tb 


i.yo_Q 23 


1 41+0-89 


29.1111:^ 






2.5$ 




Uni 






tb,EI 




-I -,7+0.21 
1-1'-0.19 


4 7+0-4 






1.3$ 






060813 


II-III-IV 


tb 




0.85_o;29 








3.1$ 




NSp Uni ISM ui p2 






tb.EI 


, ,0+0.07 

-■-•-^o-o.os 


1 04+0-1'' 








0.7$ 




NSp EI ISM ui p2 


060814 


I-II-III-IV 


tb 


1 79+0.24 
l-'^-0.16 


1 07+0. 18 
l--^' -0.27 


47 6+12-° 
^'■"-12.1 


0.84™ 


52.8 


3.4 


50.1 


NSp Uni Wind 1/2 P2 






tb,EI 


1 02+°-" 


l-l'J-0.13 


7 r;+1.9 






1.7 


49.5 




061019 


II-III-IV 


tb 


9 O0+1.98 
^•■^•^-0.71 


1-^^-0.85 


186.31136-6 






5.0$ 




Uni 






tb,EI 


1 11+0.28 
1-11-0.21 


i-'^'J-o.si 


21.0+iV 






2.2$ 






061021 


I-II-III-IV 


tb 




q3+0-l8 


143.5t«i;i 






4.5$ 




1^2 P2 






tb,EI 


0.98^-»« 


l-'^^-0.09 








1.5$ 






061222A 


I-II-III-IV 


tb 


-1 70+0.10 
■^•'•^-0.08 


-, 90+0.14 

1-^»_0.15 


66.7111^ 






3.4$ 




NSp Uni Wind 1^2 P2 






tb,EI 


0.98l°;l°3 


1 09+°- 12 


2-8111 






1.0$ 
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Table 2 — Continued 



GRB 


Segments 


Time 


a 


13 


t 

(ks) 


Z log i?^,iso 

(ergs) 


(dcg) 


log 
(ergs) 


Requirementst 


070129 


I-II-III-IV 


tb 


-I 90+0.34 


1 14+0.49 
^•^^-0.32 


120 1+174.0 




4.25 




P2 






tb,EI 


"■''^-0.27 


, r,c:+0.22 
^•^•^-0.20 






1.7? 






070306 


I-II-III-IV 


tb 


r, r,7+0.60 

^■U< _o.22 


1 11+0.39 
^•^^-0.26 


21 Q+5.7 
^1-^-3.8 


1.50" 52.7 


4.5 


50.2 








tb,EI 


1 41+0.27 


1 90+0.20 
^•^'-'-0.18 




2.4 


49.6 




070328 


I-II-III-IV 


tb 




1 04+013 
^•'^^-0.12 


1 0+2.2 
J^-^-0.8 




0.95 






070419B 


II-III-IV 


tb 


2 43+0.56 
^■^'-'-0.28 




cy 7+20.9 
'"■'-16.1 




3.2^ 




Uni i/i p2 






tb.EI 


1 41+0.29 


^•°'^-0.18 


14 4+5.3 
^^•^-7.4 




1.95 






070420 


I-II-III-IV 


tb 


1 Qc: + 0.36 
i.OO_Q 22 


Q7+0.53 

"•="-0.28 


cry (5+45.9 
'"■''-21.0 




3.2^ 










tb.EI 


1 r,o + 0.10 

.^■^'-'-0.11 


^•'^^-0.19 


9 0+0.9 




i.oe 







t Abbreviations for Uniform jet (Uni), Spreading jet (Sp), non-spreading jet (NSp), 1 < p < 2 (P12), p > 2 (p2), v <Vc (y\)-, > i^c 

Note. — Prominent jet breaks are those with a distinct segment IV which are consistent with the post-jet break closure relations. 
Alternative times for jet angle limits depend on models fit. Energy injection (EI) breaks are listed only if at least one jet-break-with- 
energy-injection-relation is consistent. Requirements listed are for those properties of families of closure relations that are required 
by consistent models, f is defined in Equation 1 131 All errors are 2cr confidence. 

References. — "Berger et al. (2005b), ''Jakobsson et al. (2006a), =Berger et al. (2006b), "^Jakobsson et al. (2006b), <=Prochaska et al. 
(2007a), ^Soderberg, Berger, & Ofek (2005), SQuimby et al. (2005), ''Soderberg et al. (2006a), 'Ferrero et al. (2008), ^Soderberg 
et al. (2006b), Jakobsson et al. (2006a), 'Thone et al. (2006b), "Thone, Perley, & Bloom (2007c), "Jaunsen et al. (2008) 
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Table 3. Hidden Jet Breaks 



GRB 


Segments Time 


a 


/3 


t 


z 


log E^^iso 9j log Ej Requirementst 










(ks) 




(ergs) (deg) (ergs) 



050416A 


I-II-III 


tb 










40^ 


-0.10 
-0.10 


1 1+1-0 


0.65^ 


50.8 


1.6 


47.4 


EI ui p2 


050802 


II-IV 


tb 


1 







85^ 


-0.07 
-0.13 


fi 1+3-1 
0-1-1.2 


1.71'' 


52.4 


1.6 


49.0 


EI ui p2 


050815 


II-IV 


tb 


2 


9-1 +0.51 
^-'--0.32 





39^ 


-O.fi.'i 
-0.47 


4 •^+0-7 






1.2? 










tb,EI 





19+0.14 


1 


15j 


-0.92 
-0.51 


< 0.09 






0.3? 






050822 


I-II-III 


tb 


1 


„.+(). 06 
'^^-O.Ofi 


1 


26j 


-0.20 
-0.18 








2.1? 




EI P2 


051111 


I-II-IV 


tb 


4 


70+1.93 

'°-1.49 


1 


22j 


-0.40 
-0.37 




1.55'= 


52.7 


3.0 


49.9 


Sp V\ P2 


060210 


II-III 


tb 


1 


on+0.09 

■J^-0.07 


1 


07] 


-0.10 
-0.10 


25.8li-| 


3.91'' 


53.6 


1.5 


50.1 


EI P2 


060218 


I-II-IV 


tb 


1 


0^+0.34 
■'^-0.21 


4 


86j 


-2.59 
-1.00 


7-1 9+132.1 
'-^-^-59.4 


0.03« 


48.7 


16.4 


47.3 


NSp EI U2 


060413 


I-II-IV 


tb 


2 


71 +0.24 
' -^-0.18 





55] 


-0.39 
-0.51 








2.3? 




Sp Ui P2 


060712 


I-II-III 


tb 


1 


1 7+0.20 
-'- ' -0.13 


1 


60] 


-0.46 
-0.36 


12.0112^2 






1.8? 




EI P2 


060719 


I-II-III 


tb 


1 


99+0.10 
^^-0.10 


1 


77^ 


-0.41 
-0.34 


7.9+li 






1.5? 




EI P2 


070220 


I-II-IV 


tb 


2 


"^-0.22 





58^ 


-0.40 
-0.31 








1.8? 






070429A 


I-II-IV 


tb 


3 


96+1.54 
=■"-2.04 





52H 


-1.50 
-0.70 








7.5? 







tAbbreviations for Uniform jet (Uni), Spreading jet (Sp), non-spreading jet (NSp), 1 < p < 2 (pi2), p > 2 (p2), v < Vc [yi), v > Vc 

Note. — Hidden jet breaks require jet break closure relations in the last light curve segment, t start parameters are listed for those 

afterglows that are consistent with a jet-brcak-with-energy-injcetion during the first segment, suggesting that the jet breaJf could have 
occurred prior to the start of the observations. Other notes are the same as for Prominent Jet Breaks table. 

References. — "Soderberg et al. (2007), ''Fynbo et al. (2005), '^Prochaska, Chen, & Bloom (2006b), ''Cucchiara, Fox, & Berger 
(2006a), <=Mirabal et al. (2006) 
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Table 4. Possible Jet Breaks 





Segments 


J. ime 




p 


4- 

I 

(ksj 


z 


li-ifr TP 

log £/^,iso 

(ergs) 


(.degj 


log Hjry 

(ergs) 


rxequirements ' 


050219A 


I-II-III 




1.29l»'«i 




09 + 114.2 
— 26.0 


_ 


_ 


2.6? 


_ 










1.29+°-^ 

— U.Jo 


0.91+n'i4 

— U. J4 


> 3091.94 






> 14.3? 






050318 


III-IV 


tb 


2.06+°|5 


1.02+0-22 

— U.zU 


20.7+1062 
— y .D 


1.44^ 


51.9 


2.9 


49.1 








'^IcLS'tfiG't 


2.06+;!'5« 

— U.oo 


1.02+'^-22 


> 57.83 






> 4.3 


> 49.4 










1 qtr+0.12 

-L .OiJ Alt; 

— U. ID 


i.i3+;;-i« 


< 3.28 






< 1.5 


< 48.5 




050326 


III-IV 


tb 


1.73+°-3° 


0.88+'^-g 


27.0+f{3 

— D. i 






2.4? 












1.73+°i° 


0.88+°-g 


> 531.42 






> 7.4? 










istcivt 




1 11+0'" 

— 0.59 


< 3.26 






< 1.1? 






050408 


III-IV 


tb 




0.61+°! 


136.4lf^^;| 


1.24^ 


_ 


5.1 


_ 










-1 r,c + 1.04 

J- . ilU Q 


0-61+o'i 


> 2582.09 






> 15.5 


_ 




050525A 


Single PL 


^lastdet 


1 cn + OllO 
08 


1.63+'^-S 


> 1071.16 


0.61'= 


52.4 


> 13.3 


> 50.8 


P2 






i stavt. 


1 p-9+o:io 

— U.Uo 


— U.40 


< 5.86 






< 1.9 


< 49.1 


P2 


050603 


Single PL 




1.64^0-11 


O-Qi+gl! 


> 1134.90 


2.82<i 


53.5 


> 7.2 


> 51.4 








istart 


1.64^0.12 


o.gito'li 


< 34.05 






< 1.9 


< 50.2 




050714B 


I-II-III 


tb 




3.29i;;-™ 


207.0t||-* 


_ 


_ 


5.2? 


_ 


EI P2 








2.51+ii^ 


3.29+s;-™ 

— U . dU 


> 954.98 


_ 


_ 


> 9.2? 


_ 


EI P2 


050717 


I-II-III 


tb 


1.71+°-?| 

— U.lo 


0.66+"-*« 

— U.oo 


1-6+06 

— U.D 






0.8? 












— U. 1(5 


0.66+"*6 

— U.OO 


> 91.38 






> 3.8? 






050726 


II-IV 


tb 


1.50+EJ15 


l.ll+°-29 








1.1? 












1.50+»:« 


Lll+iil! 


> 669.73 






> 8.1? 










tstdT't 


0.80+"-g 

— U.Jo 


0.84+"-2« 

— U. Id 


< 0.13 






< 0.3? 






050803 


I-II-III 


tb 


1.78+°-l^ 


l-24+°-22 


18-2^2.7 


_ 


_ 


2.1? 


_ 


P2 








1.78+°-\l 


— U. zU 


> 1372.26 


_ 


_ 


> 10.6? 


_ 


P2 


050826 


I-II-III 


tb 


1.71+1;^ 


1.50+0-60 

— U.OO 


38.6+?7-? 


0.30« 




3.9 












l.Tl+i^i 


1.50+0-f3 


> 190.81 






> 7.2 


_ 




050827 


Single PL 






0.92+0-31 


> 880.94 


_ 


_ 


> 9.0? 


_ 








^stctvt 


1.63+0-?^ 
— u. ly 


0.92+0-31 


< 64.16 


_ 


_ 


< 3.4? 


_ 




050922B 


I-II-III 


tb 


1.94+°il 

— 11.00 


9.00+^0-0 


239.2+ii2-6 






5.5? 












9.00+^0-0 


> 2251.50 


_ 


_ 


> 12.7? 


_ 




050922C 


III-IV 


tb 


— U.UK 


1.20+0-2! 

— U. J4 


4-1+2-2 


2.20^ 


52.6 


1.2 


48.9 


P2 






^lastdet 


1 41+0.10 


1 20+0-27 


> 97.71 






> 4.0 


> 50.0 


P2 






tstart 


1 05+°-°'' 




< 0.12 






< 0.3 


< 47.8 




051008 


III-IV 


tb 


^■^"-0.14, 


1 14+0.29 
J^-J^^-0.21 








2.0? 










^lastdet 




1 14+0.29 
J^-J^^-0.21 


> 414.39 






> 6.7? 










tstart 




0.99t0;2? 


< 3.20 






<1.1? 






051211B 


III-IV 


tb 


1 70+1.94 


1 63+100 
l.oo_Q 94 


Q7Q r + 163.5 

Z(Z.o_2Q4 7 






5.8? 










^lastdet 


1 70+1.94 


1 63+1-60 


> 861.98 






> 8.9? 










tstart 


U.»i_o.l6 


1 ncr+0.40 
^^■^"'-0.35 


< 10.97 






< 1.7? 






051227 


I-II-III 


tb 




0.88^0-32 


0+6.9 

CS.»_2 4 






1.2? 










tlastdet 




o.88t;;;32 


> 103.10 






> 4.0? 






060105 


I-II-III 


tb 


Z.UU_Q 21 


1.391-32 


55.0l?;i 






3.2? 




P2 






tlastdet 


Z.UU_Q 21 


1 39+0-32 


> 573.86 






> 7.6? 




P2 


060111B 


I-II-III 


tb 


1 30+0.28 


^^■^•-'-0.42 


6.815.1 






1.4? 










tlastdet 


1 30+0.28 
^■•^''-0.17 


1 03+0--l» 
±.uo_Q 42 


> 351.59 






> 6.3? 






060115 


I-II-III 


tb 


1 ,0+0.39 


, 07+0.92 


43 9+19-0 


3.538 


52.8 


2.4 


49.8 
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Table 4 — Continued 



GRB 


Segments 


Time 


a 


P 


t 


z 


log E^^iqq 




log E-y Requirements^ 












(ks) 




(ergs) 


(deg) 


(ergs) 







^lastdet 


I 


-,0+0.39 
•-^-"-0.27 


I 


07+0.92 

■•^'-0.63 


> 468 S"? 






> 5.8 


> 50.5 




060124 


III-IV 


th 


1 


•^^-0.05 


0. 


•^"-0.09 


59 i+^li 

-'■^■'--12.2 


2.30'' 


52.1 


3.8 


49.4 








^lastdet 


I 


44+0.07 





08+0-10 
■-^°-0.09 


'> 2094 no 






> 14.3 


> 50.6 








i'start 


I 


Q4+0.10 


I 


■"'^-0.10 


< 0.11 






< 0.4 


< 47.4 




060219 


I-II-III 


th 


1 


■^"-0.32 


2, 


■-^"-0.97 


28 1+15-? 

16.1 






2.5^ 










^lastdet 


1 


■^°-0.32 


2 


■^"-0.97 


> 399.42 






> 6.7^ 




y2 


060*^1 


I-II-III 




I 


51+0.17 
•'^-'--0.13 


I 


c:9+0.41 

■•'^-o.ss 


6 5+2-1 
"••'-2.7 










M-l-L P2 






^lastdet 


1 


51+0.17 
■'-'^ — 0.13 


1 


c:9+0.41 
■•'^-0.35 


> 428.64 






> 6.8^ 




EI P2 


06041 8 


I-II-III 






t:c:+0.29 
■''"'-0.11 





of,+0.39 
■""-0.31 


5 7+"-i 
^■'-3.8 


4.05' 


53.7 


0.8 


49.7 








^lastdet 




CC-+0.29 
■■'"'-O.ll 





0(5+0.39 
■""-0.31 


> 739.27 






> 5.2 


> 51.3 




060526 


I-II-III 




1 


7-1+0.31 
■ ' -^-0.26 


0, 


■""—0.43 


90 tr+10.3 


3.22i 


52.6 


2.1 


49.4 








^lastdet 


1 


7-, +0.31 


0, 


■•^"—0.43 


> 440.34 






> 6.2 


> 50.4 




uuuyuu 


I-II-III 


^b 


\ 


70 + 0. ,52 
■ '•-'-0.32 


Q 


c:i+0.38 
■"1^-0.30 


14 9+3-8 
l*-^-2.3 


3 09^ 


53.0 


1.5 


49.5 


^1 






^lastdet 


1 


70+0.52 
■ '"-"-0.32 





c:i+0.38 
■"J^-0.30 


^ ouu.oo 






> 5.0 


> 50.5 






III-IV 


fi-. 


1 


no + 0.16 
•''"-0.11 


0, 


■""-0.24 


9+11 
"•^—0.3 


2.43I 


52.8 


0.6 


48.6 








^lastdet 


I 


no + O.lf) 
••'"-0.11 





0(5+0.27 
■""-0.24 


^ 1 087 46 






> 8.8 


> 50.9 








i^start 


Q 


00+0. 14 
•^''-O.ll 


\ 


1 9+0.16 
■^^-0.15 


< 0.08 






< 0.2 


< 47.8 




060Q26 


I-II-III 


^b 


1 


•'-'^-0.22 





■"^-0.47 


^•^-4.1 


3.21™ 




1.2 










^lastdet 


\ 


54+0.41 
•''*-0.22 





Q9+0.79 
■^^^-0.47 








> 5.3 






060Q27 


II-IV 


^b 


I 


r;9+1.12 





99+0.46 
■^^-0.26 


Q+2.0 

0.0_2 I 


5.47° 


52.9 


0.8 


48.9 








^lastdet 


1 


59+1.12 
••-'^—0.27 


0, 


•'-'^—0.26 


> 208.31 






> 3.7 


> 50.2 








t start 





•"' — 0.32 


0, 


■"" —0.32 


< 0.07 






< 0.2 


< 47.6 




\J\J ±.\J\J 1 


Sine-lp PT, 


^lastdet 


I 


go+0.01 
•°"-o.oi 





og+0.02 
■""-0.02 


> 1 284 22 


1.26° 


53.8 


> 8.2 


> 51.9 


X^X f i^2 






tstClT't 


1 


0.01 


0, 


0(5+0.02 
"^—0.02 


< 0.09 






< 0.2 


< 48.7 


EI Z>1 p2 




II-IV 


^b 




84+0-25 
•°^-0.23 


Q 


gi+0.71 
■"J^-0.33 


9 Q+1.2 

^••^-0.9 


O.llP 


50.1 


2.9 


47.2 








^lastdet 


^ 


84+0-25 
•^^-0.23 


Q 


gi+0.71 
■"J^-0.33 


> 132.49 






> 13.5 


> 48.5 


^\ 






StCLVt 





59+0.17 
-•^ — 0. 17 


0, 


^—0.23 


< 0.09 






< 0.9 


< 46.1 




061202 


I-II-III 




1 


— 0.08 


1, 


41+0-26 
—0.23 


16.9+o2 

— 2.2 






2.0^ 




EI V\ P2 






^lastdet 


1 


(,(,+0.10 
•""-0.08 


1, 


4-1+0.25 

■^1-0.23 


> 635.56 






> 7.9^ 




EI V\ P2 


061210 


Single PL 


^lastdet 


2 


-,5+1.57 
•-'-•'-1.16 


0, 


74+2.76 
■ '+-0.78 


> 989.79 


0.411 


50.8 


> 21.2 


> 49.7 








tstart 


2 


-15+1.57 
•^^"-1.16 


0, 


74+2.76 
■ '^-0.78 


< 221.16 






< 12.1 


< 49.2 




070107 


III-IV 


h 


1 


7(,+0.41 
• '"-0.29 


1, 


90+0.77 
■^^-0.49 


,50 9+.57.3 






4.6? 










^lastdet 


1 


7g+0.41 
• '"-0.29 


1, 


90+0.77 
■^"-0.49 


> 816.92 






> 8.7? 










tstart 


1 


04+0-05 

•"*-0.06 


1, 


9-1 +0.18 
■^-'--0.17 


< 0.18 






< 0.4? 






070125 


II-IV 


h 


1 


oc: + 0.29 
•"•'-0.23 


1, 


9/+0.58 
■^^-0.33 


90 9+3°- 1 


1.55'' 




4.2 










^lastdet 


1 


oc: + 0.29 
•''•'-0.23 


1, 


9^+0.58 
■^^-0.33 


> 972.61 






> 10.2 










^start 





64+0-54 
•"^-1.37 


0, 


9g+0.47 
■''"-0.35 


< 46.70 






< 3.3 






070208 


II-IV 


h 


1 


5(5+0.35 
.OD_Q 21 


0, 


Q-3+0.31 
■^"•^-0.27 




1.17'* 


51.4 


2.7 


48.4 


Uni 1/2 






^lastdet 


1 


50+0.35 

.OD_g 21 


0, 


go+0.31 
■"•-'-0.27 


> 480.38 






> 11.8 


> 49.7 


Uni 1/2 






tstart 





-19+0.15 
•^^^-0.17 


8, 


gg+9.99 
■""-9.99 


< 0.13 






< 0.5 


< 47.0 




070318 


III-IV 


h 


1 


g,+1.87 

•"'^-0.62 


9, 


(.0+10.0 
■""-10.0 


308.61249^" 


0.84* 


52.0 


8.9 


50.1 


Uni 






tlastdet 


1 


gi+1.87 
•'''^-0.62 


9, 


(,0+10.0 
■""-10.0 


> 786.73 






> 12.7 


> 50.4 


Uni 






tstart 





07+0. 06 
•°'-0.06 


1, 


9g+0.17 
■^"-0.16 


< 0.07 






< 0.4 


< 47.3 




070411 


III-IV 


h 


1 


90+0.37 
•^"-0.13 


1, 


99+0.62 
■^^-0.34 


20.6l^0gl 


2.95" 


52.9 


1.9 


49.6 








^lastdet 


1 


90+0.37 

•^'^-o.is 


1, 


99+0.62 
■^^-0.34 


> 727.54 






> 7.1 


> 50.8 





-62- 



Table 4 — Continued 



GRB 


Segments 


Time 


a 


(3 


t 

(ks) 


z 


log E^^iso 

(ergs) 


(dcg) 


log 
(ergs) 


Requirements t 






tstart 


0.93l°;l^ 


1 Q7+0.39 
1-U/_Q 22 


< 0.46 






< 0.4 


< 48.4 




070412 


I-II-III 


tb 




-'-•"*-0.48 


10 q+13.7 
i>5-y_10.3 


- 


- 


1.9^ 


- 








^lastdet 


-■-■^■^-0.23 


-'-•"*-0.48 


> 682.84 


- 


- 


> 8.U 


- 


P2 


070521 


II-IV 


tb 


1 oi +0.17 
1-SJ-_0.14 


1 P7+0.2.S 
J^-'J' -0.21 


7 9 + 1.0 

' -^-1.1 


- 


- 


1.5^ 


- 








^lastdet 


1 O1+0.17 
l-»i_0.14 


^^•'-"-0.21 


> 161.32 


- 


- 


> 4.7? 


- 








tstart 


0.49in? 


u.aM_Q 21 


< 0.11 


- 


- 


< 0.3? 


- 




070611 


I-II-III 


tb 




1 70+2.79 
-■-•'^-2.01 


Q7 9+33.7 
-^-45.6 


2.04^ 


51.8 


5.0 


49.4 








^lastdet 




1.7911™ 


> 433.72 






> 8.8 


> 49.9 




070616 


III-IV 


tb 


^■^"-0.58 


i-58lS:^? 


48.91^?,:! 


- 


- 


3.0? 


- 


P2 






^lastdet 


2 2fi+l ''^ 
^■^"-0.58 


1 KO+0A5 
i-0»_0.31 


> 371.12 


- 


- 


> 6.5? 


- 


P2 






tstart 


1 2'i+°" 
i.^J_0.13 


^•^^^-0.62 


< 0.14 


- 


- 


< 0.3? 


- 




070714B 


I-II-III 


tb 


^•Oo_0.11 


0.88l?,:g 


0.9l°i 


0.92^ 


52.0 


1.0 


48.2 








tlastdet 


-■-■^^-0.11 


0.88l«|^ 


> 1,33.69 






> 6.4 


> 49.8 




070721B 


I-II-III 


tb 


r) r,-, +0.39 

^■^-■--0.24 


0.88lSJ« 


^•^-1.3 


3.63'' 


53.3 


1.2 


49.6 


P2 






tlastdet 


9 91+0.39 
^•^^-0.24 


0.88l«i6 


> 93.25 






> 2.8 


> 50.3 


V\ P2 


070810A 


II-IV 


tb 


1 cQ+0.47 
1.00_Q 32 


1.28l«il 


7fi+3.2 
'•"-5.3 


2.17^ 


51.3 


2.2 


48.2 








tlastdet 


1 co+0.47 
i.oa_Q 32 


J-^=-0.41 


> 39.64 






> 4.1 


> 48.7 








tstart 




i-i4l!5:l 


< 0.10 






< 0.4 


< 46.8 




070911 


Single PL 


tlastdet 




o.84lS:?° 


> 1515.59 


- 


- 


> 11.0? 


- 








tstart 


1 -Q+0.24 
^- '^-0.23 


o.84l«:?o 


< 144.01 


- 


- 


< 4.5? 


- 




071003 


III-IV 


tb 


J 74+0.15 


1 99+0.32 
^•^^-0.26 


35.8l7;4 


1.60=^ 


52.2 


3.3 


49.4 








tlastdet 


1 74+0.15 


1 99+0.32 
-■-•^^-0.26 


> 863.21 






> 10.8 


> 50.5 








tstart 




o.95l?,:l 


< 22.34 






< 2.7 


< 49.3 




071U10A 


II-IV 


tb 


1 fia+0.44 
^■O°-0.36 


1 1 1 +0.81 
1-11-0.56 


■7n 9+19.3 


U.98 


50.2 


8.2 


48.2 








tlastdet 


J^-t'°-0.36 


1 11+0.81 
^•J^^-0.56 


> 468.48 






> 16.7 


> 48.9 








tstart 


-0.62l°i^ 


l.DO_g YQ 


< 34.07 






< 6.3 


< 48.0 




071011 


I-II-III 


tb 


2 90+1" 


0.49+?|? 


474 1 +'^1-3 






7.1? 










tlastdet 


2 


0.49l?:9? 


> 1404.74 






> 10.7? 






071025 


I-II-III 


tb 


J^-yj-cio 


1 99 + 0.19 
J^-^^-0.17 


(5+0.7 
•^•"-0.7 






1.1? 










tlastdet 


i-9oirij 


1 99+0.19 
^•^^-0.17 


> 497.60 






> 7.2? 






071028 


I-II-III 


tb 


2.80i;il 


n 95+0-4'3 
U.yO_o.32 


01 + 8.2 

"^^^•''-13. 3 






2.6? 










tlastdet 


2.8oi;-^i 


^•^^3-0. 32 


> 87.33 






> 3.8? 






071031 


I-II-III 


tb 




58 


61 2+3°-2 


2.69'^'' 




3.2 










tlastdet 


l-80lj-il 


'^•"J-0.58 


> 590.79 






> 7.4 






071118 


I-II-III 


tb 


l.SO_Q 4g 


n Qo+0.66 

U.y^_0.58 


12.71^:1 






1.8? 










tlastdet 


1 85+1-^2 
i.ao_Q 4g 




> 121.79 






> 4.3? 







t Abbreviations for Uniform jet (Uni), Spreading jet (Sp), non-spreading jet (NSp), 1 < p < 2 (P12), p > 2 (P2), v < Vc iyi)-, > Vc 

Note. — Possible jet breaks arc consistent with both pre- and post-jet break closure relations. They have pre- and post-lircak slopes 
similar to the segments III-IV or II-IV of the Prominent sample, or axe single power-laws with steep slopes either and late starts or long 
coverage, and are therefore more likely to be jet breaJjs than the Unlikely sample. The requirements are the result of another iteration 
of the internal consistency after excluding the remaining pre-jet break closure relations in final segments, tstart and tiastdet times and 
opening angle limits are only listed if they are feasible within the canonical framework. Other notes are the same as for Prominent Jet 
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Table 5. Unlikely Jet Breaks 



GRB 


Segments 


Time 


a 




t 

(ks) 


z 


log Ej^iso 

(ergs) 


(deg) 


log Ej 
(ergs) 


Requirements ' 


050124 


Single PL 


'-'lastdet 


1 50+°-??; 


83+!!-?° 

"•"'-' — 0.18 


> 4967.45 






> 17.15 












— 0.16 


o.83+;;-fj 

— 0.18 


< 11.13 






< 1.7$ 






050128 


II-III 






96+°;i 


^•^-1.0 






1 Of 












1.30+°°! 

—0.07 


0.96+°;i 

—0.16 


> 99.44 






> 4.0$ 










i start 


70+° - 1? 

^- "^-0.20 


77+?-2! 

' ' -0.17 


< 0.24 






< 0.4$ 






050215B 


Single PL 


^lastdet 


^ — 0.17 


0.66+SS 

^^^—0.49 


> 3011.04 






> 14.2$ 










^ start 


93+°-2i 

^■^•^-0.17 


66+°'^^ 
"•""-0.49 


< 5.81 






< 1 4f 






050219B 


Single PL 


^ICLStdGt 


1.21+°°5 


l.ll+°i° 

—0.17 


> 120.17 






> 4.2$ 










^stavt 


1 21+°°^ 
-0.05 


1 11+^-1? 

^•^^—0.17 


< 3.18 






< 1.1$ 






050223 


Single PL 


^lastdet 


0.92+°-26 


2.42+°-5» 
— 3.42 


> 72.71 


0.58'' 


50.9 


> 7.4 


> 48.9 








start 


o.92+"';5*; 

— 0.24 


2.42+*;-:;» 

— 3.42 


< 2.88 






< 2.2 


< 47.8 




050401 


II-III 




1 44+0- 10 

-0.09 


^•°^-0.13 


5 0+°-° 


2.90'' 


53.5 


0.9 


49.6 










1.44+°J,° 
—0.09 


0.84+°i« 

—0.13 


> 776.68 






> 6.2 


> 51.2 




050410 


II-III 




^•^^—0.20 


28+°-|* 

"•^"—0.72 


18 4+;?-T 

^"-^—11.1 






2 1$ 










^lastdet 


i.i9+°l;^ 


0.28+°-?:; 

^ ^ — 0.72 


> 864.12 






> 8.9$ 










tstart 


0.62+°-J,« 

— 0.29 


1.22+^'*^!? 


< 1.91 






< 0.9$ 






050412 


Single PL 


^lastdet 




54+°-2;i 

>J-^**_0.20 


> 0.63 






> 0.6$ 










stcbrt 


1.64+0-25 

— 0.24 


0.54+0-20 

—0.20 


< 0.10 






< 0.3$ 






050502B 


Single PL 


tlastdet 


0.75+°-23 

— U.2o 


-j^ ^2+2-12 
—0.95 


> 290.03 






> 5.9$ 










s ar 


0.75+°-23 

— 0.23 


1.72+2-1? 

— 0.95 


< 0.07 






< 0.3$ 








Sindp PTj 


'^lastdet 


1 ir, + 0.13 

-^■-^^-0.12 


2 09+^-'^'^ 


> 1 098 92 






> 9.7$ 










start 


1-12 + n VP 

— (J . i 2 


2.09+^1:^ 

— 1.19 


< 3.68 






< 1.1$ 






050520 


Single PL 


''lastdet 


1 55+i!S 

i. jo q go 


O-lO+i-42 


> 222.82 






> 5.3$ 










^stavt 


1 55+°i3 

^•^'-'—0.60 


^ — 1.42 


< 7.69 






< 1.5$ 






050607 


II-III 


h 


1.24+0-« 


1-B6+072 


14.0+^V 

— 7.2 






1.9$ 










^lastdet 


1 24+!;-4« 

-^■^^-0.22 


1-66^072 


> 874.03 






> 8.9$ 










tstart 


0.60+°{5 

— (J.17 


o.9i+;;i? 

— O.^il 


< 0.10 






< 0.3$ 






050701 


Single PL 


''lastdet 


1 1O+0.25 
^o_Q.22 


^ — i.;si 


> 164.14 






> 4.8$ 










^start 


1 1O+0.25 
^ — 0.22 


1.61+;-::? 


< 6.21 






< 1.4$ 






050712 


II-III 


h 


— 0.18 


— 0.40 


■^^^■" — 29.9 






3.0$ 










^Icistdet 




0-83+040 


> 1833.39 


_ 


_ 


> 11.8$ 


_ 








^start 


n cc+0.'l4 


1 16+°-^^ 
-'---'-"-0.29 


< 0.17 






< 0.4$ 






050713A 


I-II-III 


h 


1 ,-+0.07 
^•^'-0.06 


-^-^'-0.19 


74+2-8 
'•^-3.4 






1.5$ 










^lastdet 


1 ,-+0.07 
^•^'-0.06 


-^-^'-0.19 


> 1711.35 






> 11.5$ 






050716 


Single PL 


^lastdet 


1 02+°°'' 


1 10+0.12 
-^-l"'-0.24 


> 1759.19 






> 11.6$ 










^start 




i.i3i;-2 


< 0.10 






< 0.3$ 






050724 


Single PL 


^lastdet 


n qR+"'22 


i-osi;!:;:;: 


> 1910.50 


0.26<= 


50.2 


> 33.6 


> 49.5 








istart 


u.aD_(j 20 


i.05+;j-»« 


< 0.08 






< 0.8 


< 46.2 




050730 


II-III 


h 


2 co+O.lO 
Z.OO_Q 09 


7;^+o:o6 

' -^-0.06 


9 1+°-'* 


3.97^ 


53.1 


1.2 


49.4 


none 






^lastdet 


2 ^8+°'l° 
^■^^-0.09 


7;^+0.06 
^- ' -^-0.06 


> 492.43 






> 5.3 


> 50.7 


none 


050801 


II-III 


h 


1 1 7+0.06 
-^■-^ ' -0.07 


o.98l°-;^^ 


2+°-° 






0.4$ 










^lastdet 


1 -17+0.06 
-0.07 


0.98+°-{^ 


> 624.37 






> 7.9$ 










^start 


-0 3fi+0-64 




< 0.09 






< 0.3$ 






050824 


II-III 


h 


0.93l°:23 


1.39i°:« 


70 2+64-6 


0.83« 




4.3 










^lastdet 


0-93l°:?3 


1 oQ+0.40 

J..OEI_o 32 


> 2070.91 






> 15.4 
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Table 5 — Continued 







Time 


ol 


p 


l 

[his) 




}r\a- P 

-'^7, ISO 

(ergs) 


ft ■ 
laegj 


log 
(ergs) 


. J. 
rveQuirements ' 


050915A 


i-ii-iii 


th 


. |r+0.14 

■ —0.13 


— 0.41 


—0.8 






0.8^ 












1.15+°i^ 


0.97+°-!9 

— U.4i 


> 474.97 






> T.li 






050915B 


i-ii-iii 


tb 




1-04+0 68 

— U.Do 


35.8 00 n 






2.7^ 










'^lOiS'tiiG't 


i.oi+!!'«S 

— u.zy 


1-04+0 68 

— U.UO 


> 613.98 






> 7.8( 






051006 


Single PL 




l-59+on 


0.83+niq 

— U.4;J 


> 16.19 






> 2.0^ 










tstart 




0.83+'^-g 


< 0.11 


_ 


_ 


< 0.3^ 


_ 




051016A 


I-II-III 


tb 


1.04+0-24 

— U. lb 


1.45+°-t? 

— U.Oi 


2.8+o'i 






1.0{ 












1.04+°-?^ 




> 930.89 


_ 


_ 


> 9.15 


_ 




051021A 


Single PL 






, 90+0.42 

— U.o4 


> 1430.45 






> 10.7^ 


_ 








tstart 


1.00l«'j'^ 


-, 90+0.42 

— 34 


< 11.25 


_ 


_ 


< 1.7^ 


_ 




051022 


II-III 




2.29+°i« 

— U.4U 


0.74+0-^» 

— U.oU 


234.7+oT-o 

— oi.o 






5.5^ 




none 






^IcLstdet 


OQ+0-68 
40 


0-74t°|« 


> 1263.29 


_ 


_ 


> 10.2^ 


_ 


none 


051028 


Single PL 


'^IcLStctGt 


1.19+°-?« 

— U. io 


1-01+^1? 

— U.4d 


> 847.05 






> 8.8^ 










istavt 


1-19+0 ?| 


l-Ol+oS 


< 25.79 






< 2.4^ 






051109B 


I-II-III 


tb 


0.97t[!;i4 


i.02+;!-«« 


2.2l:l° 


0.08* 


48.7 


4.3 


46.2 










0.97+0 14 


i.02+;!-| 


> 145.62 






> 21.0 


> 47.5 




051117A 


II-III 


tb 


1 11+°-" 

—0 12 


9 09+0.32 
— 0.26 


65.7t^»:« 


_ 


_ 


3.4g 










^IcLStdGt 


l-ll+o'" 


2.02+°-^^ 


> 1886.19 


_ 


_ 


> 11. 9$ 


_ 




060108 


I-II-III 


tb 


i-2o+;;ii 


i-i4+E;ii 


20.9+?-^ 


_ 


_ 


2.2^ 


_ 








^ I Q, st dG-i 


i-2o+;;'?i 


i-i4i;;;^^ 


> 427.37 


_ 


_ 


> 6.8^ 


_ 




060110 


Single PL 




1.18+^5| 

— L.O\) 


2.77+0-77 

—0. ( 1 


> 492.92 






> 7.2^ 










t start 


i-i8±l:i 




< 242.21 


_ 


_ 


< 5.5$ 


_ 




060111A 


Single PL 




— U.Uo 


, 09+0:26 

— U.ZO 


> 761.73 


_ 


_ 


> 8.5? 


_ 








^start 




1 09+0.26 

23 


< 0.07 


_ 


_ 


< 0.3$ 


_ 




060121 


Single PL 




T 9T+0:08 
1.. ^ A. A no 
— U.Uo 


l-41+o'28 


> 1042.08 


_ 


_ 


> 9.5$ 


_ 








tstart 


1 r,i+0.08 

08 


l-41+g-'2l 


< 10.60 


_ 


_ 


< 1.7$ 


_ 




060123 


Single PL 




— U. 10 


0.74+°-33 

— \J.27 


> 1042.63 






> 9.. 5$ 










tstart 


^ 21+018 


0.74+0-33 


< 75.10 


_ 


_ 


< 3.6$ 


_ 




060203 


II-III 


tb 


l'23+«:| 


1.19+°-*? 

— U.oi 


ll-l+o? 






1.7$ 












1.23+°:24 

— U. 1 * 


1-19+03? 


> 304.87 






> 6.0$ 










tstart 


U.OJ_o 27 


1 00+0. 48 
1.00_Q 41 


< 3.00 


- 


- 


<1.1$ 


- 




060206 


II-III 


tb 


1 24+0-05 


1 01 +0.18 
-^-■^-^-0.16 


5 9+1-2 


4.05s 


52.6 


1.2 


48.9 








tlastdet 


1 24+0-05 

^•^^-0.04 


1 01 +0.18 
^-■^^-0.16 


> 3697.33 






> 13.0 


> 51.0 




060223A 


II-III 


tb 


1 r,7 + 0.14 

^•^'-0.12 


1 6^+0-66 
^^-''''-0.52 


3+0-1 


4.41'' 


52.6 


0.4 


47.9 








tlastdet 


1 97+0.14 
^•^'-0.12 


1 6^+0-66 
-'--''''-0.,'i2 


> 28.57 






> 2.1 


> 49.4 




060306 


I-II-III 


tb 


1 06+°-^° 


1 14+0.23 
-^--^^-0.21 


9+5.7 






1.6$ 










tlastdet 


l.UO_Q 


1 14+0.23 
-^--^^-0.21 


> 382.21 






> 6.5$ 






060312 


I-II-III 


tb 


1 17+0.39 

^•^'-0.27 


'-'-°^-0.26 


io.3i«:^ 






1.7$ 










tlastdet 


1 17+0.39 
-^•-^'-0.27 


'-'-°^-0.26 


> 172.44 






> 4.9$ 






060319 


II-III 


tb 


, ,0+0.08 
l--'-=-0.07 


-^--^■^-0.23 


18.31102 






2.1$ 










tlastdet 


1 -|a+0.08 


-^•-^°-0.23 


> 3737.78 






> 15.4$ 






060323 


II-III 


tb 


1 99+0.22 
^•^^-0.13 


^-'^'-0.43 


0.81°:^ 






0.7$ 










tlastdet 


1 99+0.22 
^■^^-0.13 


i-07l°:S 


> 91.51 






> 3.8$ 










tstart 




0.891°;^^ 


< 0.29 






< 0.4$ 






060421 


II-III 


tb 


1 ,Q+0.27 


o.3il°;f5 








0.6$ 
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Table 5 — Continued 



VjtxXIj 


Segments 






P 


4- 

Ti 


z 


IriO- P 

lug ^7,130 

(ergs) 


/'r^o^-^ 

(flegj 


log C/-). 

(ergs) 


• -t- 
Ivequirements ' 






tlastdet 




0.31+°-?° 

— O.oo 


> 116.06 


- 


- 


> 4.2? 


- 








tstart 


0.54+°i° 


0.50+°l° 


< 0.11 






< 0.3? 






060502A 


I-II-III 


tb 


112+0-^3 


0.88+°-?i 


28.8129-7 


1.51' 


52.4 


2.9 


49.5 










— 0.09 


0.88+0:21 


> 1601.07 






> 13.0 


> 50.8 




060505 


Single PL 


tlastdet 


. OO+0.42 
— U.oi 


1.40+°/« 

— u.y ( 


> 1428.69 


0.09j 


49.6 


> 38.2 


> 48.9 








^stavt 


1 OO+0.42 
i.oo n Q1 


1.40+°-9i 
— U.y * 


< 51.76 






< 11.0 


< 47.9 




060507 


II-III 


tb 


1-14+^12 


l-14+gl6 
— u.zo 


11-0+^1 


- 


- 


1.7? 


- 










1.14+°-l^ 


1-14+026 

l-14+o'2 


> 893.39 






> 9.0? 






060512 


I-II-III 


tb 


1.21+°-2| 

— U. ID 


— 1.0 


0.44'' 




1.9 












9-1+0.29 

16 


i-i4i!;i^ 


> 323.03 






> 8.4 


_ 




060522 


I-II-III 


tb 


— U.ZO 


-1 oQ+i-be 

— U.DO 


— 0. i 


5.11' 


52.9 


1.1 


49.2 












1 qq+1.06 

— U.OO 


> 144.80 






> 3.3 


> 50.1 




060602A 


Single PL 


tlastdlt 




QQ + 1-3S 

Z.oo_-^ 12 


> 799.63 






> 8.6? 










istttvt 


1.06+°-^? 


2.83+^-?^ 


< 158.18 






< 4.7? 






060602B 


Single PL 




1 12+°" 


l-04lii6 


> 653.62 


— 


— 


> 8.0? 


— 








tstcivt 


1 12+"-^'^ 
— u.uy 


1-04+JiI 

— U.4D 


< 0.10 


- 


- 


< 0.3? 


- 




060604 


I-II-III 


tb 


1 21+°" 
— u.oy 


i-07+Si;5 


25.7+iV 

— O.U 


2.68™ 


52.0 


2.7 


49.0 










1 21+°" 
09 


i.07+E5|;5 


> 1920.57 






> 13.6 


> 50.4 




060607A 


I-II-III 


tb 


3.41+^1? 


0.56+?/J^ 


12.8+°1 

— U.O 


3.08" 


53.0 


1.5 


49.5 


none 








3-41+^1? 


o.56+i;-i^ 


> 208.38 






> 4.3 


> 50.4 


none 


060708 


I-II-III 


tb 


— U. ii 


1.02+!'/?" 
— u. iy 


12.6++^ 

— r .U 






1.8? 










"^IcLstdGi 


1.27l°l? 


1.02+°-20 


> 1202.58 






> 10.1? 






060714 


I-II-III 


tb 


1 99+0.08 
— U.Ob 


1.18+°:?t 


3.9+?? 

— i.O 


2.71° 


52.9 


1.0 


49.1 








"^tcL S'tdG't 


T 99+0.08 
— U.Ob 


l-18+?,1t 

— U . z i 


> 1215.93 






> 8.9 


> 50.9 




060717 


Single PL 


"^tcL S'tdG't 


0.85+°-2i 


1.14+0-g 


> 39.53 


- 


- 


> 2.8? 










^stavt 


0.85+»-l 


i.i4+o:g 


< 0.23 


- 


- 


< 0.4? 


- 




060804 


II-III 


tb 


1 9P-+0.14 


l-26+g1| 


1 1+2-3 

-L ■ -L [J ^ 


- 


- 


0.7? 


- 








"^tcL S'tdG't 


1 9p:+0:14 
13 


1-26+S1? 


> 248.86 






> 5.6? 












-0.18+°-59 

— U.oy 


0.83+Si? 


< 0.13 






< 0.3? 






060805A 


II-III 


tb 


1.38+°-2f, 


1.48+°,f7 




- 


- 


1.1? 


- 








^lastdet 


-1 00+0-26 
-L.OO_Q 20 


1 48+"^'^^ 


> 294.57 


- 


- 


> 5.9? 


- 








^start 


<J- J- •5-0.49 


-I qO+1.24 

1.00_o 73 


< 0.11 






< 0.3? 






060805B 


Single PL 


^lastdet 


1 00+°-*'^ 


ri 7q+0.52 
"•"'-0.22 


> 377.43 






> 6.5? 










^start 


1 00+°-*^ 
l.UU_o 41 


"•'"-0.22 


< 126.50 






< 4.3? 






060825 


Single PL 


^lastdet 




0.89t0-«« 


> 357.94 






> 6.4? 










^start 






< 0.08 






< 0.3? 






060901 


Single PL 


^lastdet 


±.oa_o 33 


0.70+°-*^ 


> 115.88 






> 4.2? 










istart 


1 39+°-53 
±.oa_o 33 


"•'"-0.35 


< 13.82 






< 1.9? 






060904A 


I-II-III 


tb 


1 29+°-21 
^•^»_0.18 


2 iq+l-»2 








1.2? 










^lastdet 


1 2q+°-2i 


9 -|n+l-02 
^•l-'-().59 


> 1025.42 






> 9.5? 






060904B 


II-III 


tb 


1 42+0- 1--"' 
-^■^^-0.12 


1 91+0.27 
^•^^-0.26 


6.9I2:? 


0.70P 


51.6 


2.5 


48.5 








^lastdet 


1 42+°i5 

^•^^-0.12 


1 91+0.27 
^•^^-0.26 


> 674.98 






> 13.9 


> 50.0 








istart 


76+° °6 
"•'D_0.08 


1 20+°"^ 
^•^"-0.43 


< 0.08 






< 0.5 


< 47.1 




060912A 


II-III 


tb 


1 1 1+0.10 


-^•1^-0.25 


9+1° 






0.7? 










^lastdet 


1 1 1+0.10 
'■■^'■-0.07 


-^•^"-0.25 


> 868.42 






> 8.9? 







-67- 



Table 5 — Continued 





Segments 


Time 




a 






p 




t 

(ks) 


z 


(ergs) 


(deg) 


log 

(ergs) 


Requirements! 


060919 


II-III 


tb 


1. 


,02 


+0, 

-0, 


,29 

,18 


0, 


■81+0 


18 
,89 


o-slSJ 


_ 


_ 


0.6? 


_ 








^lastdet 


1, 


,02 


+0, 
-0, 


,29 
18 


0, 


.81+1- 


18 
89 


> 306.94 


_ 


_ 


> 6.0? 


_ 








istart 


0, 


,75 


+0, 

-0, 


:53 
97 


0, 


,49+°: 


^58 
57 


< 0.10 


_ 


_ 


< 0.3? 


_ 




060923A 


I-II-III 




1, 


,15 


+0, 
-0, 


:o8 


1, 


,07+°: 


:36 




_ 


_ 


1.2? 


_ 










1, 


15 


+0, 
-0 


'08 
,07 


1, 


,07+?; 


36 
26 


> 930.68 






> 9.1? 






060923B 


Single PL 


^lastdet 


0, 


,54 


+0, 

-n 


10 
09 


1, 


,33+°' 


72 
60 


> 5.98 


_ 


_ 


> 1.4? 


_ 








^start 


0. 


.541°: 


:io 

09 


1, 


,33+°: 


:72 

60 


< 0.12 


_ 


_ 


< 0.3? 


_ 




060923C 


I-II-III 


tb 


1, 


,24 


+1, 

-0, 


.26 
48 


1, 


,43lj: 


!63 
90 


103.1123*58 


_ 


_ 


4.0? 


_ 










1, 


,24 


+1, 

-0, 


'.26 
,48 


1, 


,43+j: 


:63 
90 


> 1358.96 


_ 


_ 


> 10.5? 


_ 




060929 


II-III 


tb 


1, 


UD 


+0, 
-0 


27 
12 


0, 


,53i;} 


38 
35 


1 Q-H6.6 

-•-••J Q_9 


_ 


_ 


0.8? 


_ 










1, 




+0, 
-0, 


^27 
,12 


0, 


,53+°: 
— u. 


38 
,35 


> 613.90 






> 7.8? 










i stdvt 


0. 


,47 


+0, 

-1 


,24 
,56 


0, 


,89+0 


,49 
,94 


< 0.10 






< 0.3? 






061004 


I-II-III 


tb 


1, 


oo 
,zz 


+0, 

-0, 


,18 
,15 


1, 


,23+°: 


,50 


2.4+Jl 

— U. ( 






1.0? 










ilastdGt 


1, 


22 


+0, 
-0, 


,18 


1, 


,23+°: 


:5o 


> 134.39 


_ 


_ 


> 4.4? 


_ 




061025 


Single PL 




1, 


,48 


+0, 

-0, 


'.46 


0, 


,84+°: 


^40 
39 


> 74.91 


_ 


_ 


> 3.6? 


_ 










1, 


A Q 
,4o 


+0, 
-0, 


'.46 
,44 


0, 


,84+°: 

— u. 


,40 
,39 


< 8.95 






< 1.6? 






061110A 


I-II-III 


tb 


1, 


,11 


+0, 
-0, 


,76 
,38 


0, 


,81+°' 


,64 
,55 


97.8+11^" 

— So. 1 


0.76'' 


51.4 


6.9 


49.3 








^IcLstdct 


1, 


,11 


+0, 
-0, 


,76 
38 


0, 


,81+°: 


,64 
55 


> 903.10 






> 15.9 


> 50.0 




061110B 


Single PL 


^IcLStdGt 


1, 


,42 


+0, 
-0 


!40 
37 


1, 


,05+°: 


.52 
42 


> 21.11 


3.44'' 


_ 


> 2.0 


_ 








'^S'tCL'P't 


1, 




+0, 
-0, 


!40 
,37 


1, 


,05+°: 

— u, 


.52 
.42 


< 3.14 






< 1.0 






061121 


I-II-III-IV 


tb 


1, 


,55 


+0, 
— 0, 


,08 
,06 


0, 


,80+° 


.12 


29.2+P„2 


1.31^ 


53.4 


2.3 


50.3 


none 






^lastdet 


1, 


,55 


-1-0, 
-0, 


,08 
06 


0, 


.801°: 


.12 
11 


> 2100.85 






> 11.2 


> 51.7 


none 


061122 


Single PL 


'^IcLS'tdGi 


1, 


,24 


-1-0, 
-0 


:io 

,09 


1, 


,08+°' 

— u. 


!l6 

,17 


> 1267.39 


_ 


_ 


> 10.3? 


_ 








^stcivt 


1, 


,24 


+0, 
-0 


,10 


1, 


,08+°' 


16 


< 24.47 


_ 


_ 


< 2.3? 


_ 




061126 


Single PL 


^Idstdst 


1, 


,29 


+0, 
-0, 


:o2 

02 


0, 


,96+°: 


:i2 

12 


> 2819.49 


_ 


_ 


> 13.8? 


_ 










1, 


,29 


-1-0, 
-0, 


:o2 

.02 


0, 


,96+°: 

— u. 


:i2 

,12 


< 1.60 






< 0.8? 






070103 


II-III 


tb 


1. 


,42 


-HO, 
-0, 


,17 
16 


0, 


.98+°' 


,44 
44 


4-8l^:^ 


_ 


_ 


1.3? 


_ 








^IdstdGt 


1, 


,42 


-1-0, 

-0 


:i7 

16 


0, 


.98+°' 


!44 

44 


> 179.87 


_ 


_ 


> 4.9? 


_ 








^start 


0, 


,37 


+0, 
-0 


!l3 
88 


1, 


.21+j: 


:5o 

75 


< 0.09 


_ 


_ 


< 0.3? 


_ 




070219 


I-II-III 


tb 


1, 


,14 


+0, 
-0 


!52 
,26 


0, 


.69+°: 

— U. 


:94 

,41 


7.0li3g3 






1.5? 










^lastdet 


1, 


,14 


+0, 
-0 


,52 
26 


0, 


.69l°' 


94 
41 


> 219.86 


- 


- 


> 5.3? 


- 




070224 


I-II-III 


tb 


0, 


,87 


+0, 
-0 


,70 
,22 


0, 


13+° 


73 

,82 


28.911^4^ 






2.5? 










^lastdet 


0, 


,87 


+0, 
-0 


,70 
,22 


0, 


13+° 


73 

,82 


> 1388.35 






> 10.6? 






070227 


Single PL 


^lastdet 


1, 


,13 


+ 0, 
-0 


,19 
,19 


1, 


,371°: 


,59 
,45 


> 906.39 






> 9.0? 










^start 


1, 


,13 


+0, 
-0, 


,19 
,19 


1, 


,371°: 


59 

,45 


< 55.92 






< 3.2? 






070311 


I-II-III 


tb 


4, 


,08 


+1, 

-0, 


,96 
,96 


0, 


,681+ 


40 
,68 


208. 8lg^:^ 






5.2? 




none 






^lastdet 


4, 


,08 


-1-1, 

-0, 


,96 
,96 


0, 


,681+ 


,40 
,68 


> 556.74 






> 7.5? 




none 


070330 


I-II-III 


tb 


1, 


,02 


-1-0, 
-0 


,25 
,20 


0, 


,941°: 


,47 
,35 


10.8lJ°/ 






1.7? 










^lastdet 


1, 


,02 


+0, 
-0, 


,25 
,20 


0, 


,941°: 


,47 
,35 


> 317.48 






> 6.1? 






070506 


Single PL 


^lastdet 


0, 


,52 


+0, 
-0, 


,15 
,16 


1, 


,08ig: 


,39 
,37 


> 8.12 


2.31* 


51.6 


> 2.0 


> 48.4 








^start 


0, 


,52 


+0, 
-0, 


,15 
,16 


1, 


,081°: 


,39 
,37 


< 0.43 






< 0.7 


< 47.5 




070508 


II-III-IV 


tb 


1. 


,76 


-HO, 
-0, 


,47 
.21 


1, 


47+0, 


68 
,44 


49.7l«°:l 


0.82" 


52.9 


3.5 


50.2 


none 






^lastdet 


1, 


,76 


-HO, 
-0, 


.47 
.21 


1, 


,471°: 


,68 
,44 


> 758.84 






> 9.7 


> 51.0 


none 


070509 


Single PL 


^lastdet 


0, 


,99 


+0, 
-0, 


,15 
,14 


0, 


,911°: 


,81 
,73 


> 46.65 






> 3.0? 










^start 


0. 


,99 


-HO, 
-0, 


,15 
.14 


0, 


.911°: 


,81 
,73 


< 0.08 






< 0.3? 
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GRB 


Segments 


Time 


a 


P 


t 


z 


log ^T.iso 




log E^i Requirements^ 












(ks) 




(ergs) 


(deg) 


(ergs) 



070517 


II-III 


tb 


. .0+0.18 
^■^•^-0.16 


1 11+0.48 
1-11-0.28 


2 Q+2.4 

^-^-1.0 


- 


- 


1.0? 


- 






^lastdet 




1 11+0.48 
1-11—0 28 


> 389.19 


- 


- 


> 6.6? 


- 






tstart 


-0.02t°;f3 


0-961^36 


< 0.11 


- 


- 


< 0.3? 


- 


070518 


I-II-III 


tb 


1 11+1.63 
^•^^ — 29 


i-48tr49 




- 


- 


3.6? 


- 






^lastdet 


1 11+1.63 

-'-•-'--'- — 29 


1 40+0.82 


> 1672.71 


— 


- 


> 11.4? 


- 


070520A 


I-II-III 


tb 


0.94l0« 


1 97+1.13 
- ' —0 63 


ID-'J- 10.6 


- 


- 


2.0? 


- 






^lastdet 


0.94l°;f, 


1 97+1.13 
l-^'-0.63 


> 293.19 


- 


- 


> 5.9? 


- 


070529 


I-II-III 


tb 


1 O1+0.12 

— 10 


1 in + 0.39 
- ■' — 31 


2-4l?i 


2.50^ 


52.9 


0.9 


48.9 






ilastdet 


1 O1+0.12 




> 561.33 






> 6.8 


> 50.7 


070531 


Single PL 


^lastdet 


1 Oq+0.26 

l.oo_Q 23 




> 0.98 


- 


- 


> 0.7? 


- 






tstart 


1 qq + 0.26 

l.oo_Q 23 


0.06l«i» 


< 0.14 


- 


- 


< 0.3? 


- 


070612B 


Single PL 


tlastdet 


1 76+1-3'' 
J^-"J_0.40 


'^-0.77 


> 408.97 


- 


- 


> 6.7? 


- 






tstart 


1 76+^-3^ 
l-'O_0.40 


n 74+1-09 


< 3.36 


- 


- 


<1.1? 


- 


070628 


I-II-III 


tb 


1 1-+0.07 

—0 07 


1 91 +0.16 
—0 15 




- 


- 


1.4? 


- 






tlastdet 


1 17+0.07 
1-1 ' -0.07 


1 91 +0.16 
1-^1-0.15 


> 83.14 


- 


- 


> 3.7? 


- 


070714A 


Single PL 


tlastdet 




1 Q4+0.72 
I'-J^- 62 


> 175.18 


- 


- 


> 4.9? 


- 






tstart 




1 Q4+0.72 


< 0.08 


- 


- 


< 0.3? 


- 


070724B 


Single PL 


tlastdet 






> 718.59 


- 


- 


> 8.3? 


- 






tstart 


1-181^2? 


i.UJ_(, 7g 


< 68.95 


- 


- 


< 3.4? 


- 


070802 


I-II-III 


tb 


l-'J' -0.13 


1 19+0.68 
1-1^-0.49 




2.45^ 


50.7 


2.1 


47.6 






tlastdet 


1 07+016 


1 19+0.68 
1-1^-0.49 


> 341.41 






> 10.4 


> 49.0 


070809 


I-II-III 


tb 


1 1(5+0.98 


o.28i;!:n 


S 7+4.7 






1.6? 








tlastdet 


1 1(5+0.98 


0.28l°:K 


> 71.37 






> 3.5? 




071010B 


Single PL 


tlastdet 


n 64+009 


i.08i°:l 


> 156.13 


0.95=^ 


51.2 


> 8.4 


> 49.3 






tstart 




1 no + 0.29 
l-U°-0.26 


< 6.24 






< 2.5 


< 48.2 


071020 


II-III 


tb 


1 14+0.03 


r, 70 + 0.09 

^- '-^-0.09 


n 2+°i 


2.15^ 


52.4 


0.4 


47.7 






tlastdet 


1 14+0.03 


n 70+0.09 
^- '-^-0.09 


> 1480.55 






> 11.7 


> 50.7 


071021 


I-II-III 


tb 


1 r,i+0.44 

'-■^'--0.24, 


n Qt^+0.38 
'J-9E'-0.36 


■^4 n+38.7 






2.6? 








tlastdet 


1 91+0.44 
'-■^'--0.24 


n Qt^+0.38 
U-M&-0.36 


> 994.91 






> 9.4? 




071112C 


Single PL 


tlastdet 


l-'^"-0.03 


Q 70+0.07 


> 578.37 


0.82^ 




> 9.6 








tstart 




Q 70+0.07 

'-^-0.06 


< 0.09 






< 0.4 




071117 


Single PL 


tlastdet 


0.86l°:l? 


1 1C+0.29 
1-1-^-0.26 


> 62.82 


1.33"" 


52.1 


> 4.4 


> 49.5 






tstart 


0.861°:!? 


1 ir; + 0.29 
1-1-^-0.26 


< 2.88 






< 1.4 


< 48.5 


071122 


Single PL 


tlastdet 


9 CI +0.14 


0.871°-^ 


> 1.51 


1.14"*' 


50.1 


> 2.0 


> 46.9 






tstart 


9 CI +0.14 


0.871°;;^ 


< 0.15 






< 0.8 


< 46.1 



t Abbreviations for Uniform jet (Uni), Spreading jet (Sp), non-spreading jet (NSp), 1 < p < 2 (P12), p > 2 (P2), < fc (I'l), 1^ > t^c 

Note. — Unlikely jet breaks are consistent -with both pre- and post-jet break closure relations in their last light curve segment, and 
their temporal decays and decay transitions either resemble segments II-III of the Prominent sample or are fit by single power-laws. The 
Unlikely jet break sample also contains 6 afterglows that are not consistent with any closure relations after internal consistency checks but 
have temporal behavior consistent with post-jet break decays, and are denoted with the requirements of "none", tstart cind i^asfdet times 
and opening angle limits are only listed if they are feasible within the canonical framework. Other notes are the same as for Prominent 
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Jet Breaks table. 

References. — "Pellizza et al. (2006), ''Watson et al. (2006), =Prochaska et al. (2006a), ''Chen ct al. (2005), ■'Sollerman et al. (2007), 
■fPcrlcy ct al. (2006), sPynbo ct al. (2006b), '"Bcrgcr ct al. (2006a), 'Cucchiara ct al. (2006b), ^Fynbo ct al. (2006c), ^Bloom ct al. 
(2006a), 'Ccnko ct al. (2006), '"Castro-Tirado ct al. (2006), "Lcdoux ct al. (2006), "Jakobsson ct al. (2006a), PPugazza ct al. (2006), 
"JThonc ct al. (2006a), '"Fynbo ct al. (2006a), ^Bloom, Pcrlcy, & Chen (2006b), *Th6nc ct al. (2007b), "Jakobsson ct al. (2007a), 
"Berger, Fox, & Cucchiara (2007a), ""Eb'asdottir et al. (2008), ^Cenko et al. (2007a), s'Jakobsson et al. (2007e), "^Jakobsson et al. 
(2007c), ""Jakobsson et al. (2007b), "''Cucchiara, Fox, & Cenko (2007a) 
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Table 6. Non-Jet Breaks 



GRB Segments Time a /? t z log E~,,iso 9j log Requirements'^ 















(ks) 




(ergs) 


(dcg) 


(ergs) 






^lastdet 


A 

u 


qo+0.23 


^-00-0.52 




1 29^ 


U-L.y 


"■^ n 7 


^ 47 S 




T TT 


ilastdet 


A 
U 


^-,+0.24 


1 09+0.83 
l-'^-0.52 


^ -LUUU.OO 


2 44*^ 


51 2 


^ 1.0 


47 R 




TT TTT 
1J.-111 


f I , , 

'^lastdet 


Q 
O 


49 + 0.28 


A c',+0.58 
U.t)d_o.47 
















''lastdet 


A 
U 


on+0.24 
^■^-0.39 


rtn-\-5 .26 

^•^■^-1.51 












UOU I Zr J. 


III 


^lastdet 




1 y + 0.09 

-^'-0.23 




^ 0000. 






^ R:^ 




UUUO -Li? 


T TT 


^lastdet 


Q 




1 46+0-82 
l-™-0.59 


> 410.41 






^ n R< 






Olllgic ±1-1 


ilastdet 


2 


07+0.11 
'-"-0.09 


A iq+0-06 
IJ-iy-O.Ofi 


^ O-LO.Ol 


u.ou 


00. / 


^ 0.0 


^ ou.y 


KJOyJiyyJO 




tlastdet 




„o+0.11 
'J^-O.ll 


1 91+0.45 
1-^1-0.43 


> 121.71 


3 34*1 


52.2 


> 0.4 


> 47.6 




T TT 


^lastdet 


Q 


£■7+0.13 
"'-0.29 


n 70+0-93 


> 35.90 










o'^i nni 

UU -LUU ± 


TTT 


^lastdet 


I 


n-3+0.07 

'-'■'-0.10 


n 86+0-13 

U-OD_Q J3 


> 550.41 






^ U. ( q 






T TT 


^lastdet 


Q 


c:7+0.65 
°'-0.79 


7Q+7.SS 
u. to 27 


> 58.24 












T II 


^lastdet 


A 
U 


qc+0.20 
''"^-0.30 


A 77+1:35 

IJ-' '-0.93 








"■^0 7^^ 
^ u. / q 






II-III 


+, , . 

''lastdet 


Q 
O 


ct; + 1.63 
■^"^-0.79 


A q9+l-22 


n Q4 






n 4^^ 




OROI 1 f\ 




+ , , . 

''lastdet 


^ 


n-3+0.06 
'^■'-0.06 


41+0.33 

'J-*l-0.25 














TTT 


^lastdet 


A 
U 


of,+0.0.5 


9 91+0.23 
^•^^-0.21 


^ z / 00. UU 










nfin9i 1 A 


T TT 


^lastdet 


A 
U 


c-i+O.lO 
■^-'--0.10 


1 47+0.65 
l-*'-().42 


\ 7QQ 79 










nRn9i 1 R 


III 


ilastdet 


Q 


^^^-0.20 


n 75+0-47 

'^•'^-0.45 


1 J^fi R9 

^ XOU.U.Z 






"^0 7;^ 




UUU'rtUO 


I II 


+, , . 

''lastdet 




n-3+0.24 
^■'-0.35 


n sq+i-if' 


oris 40 






^ u.yq 






TTT 


'^lastdet 


1 
± 


iq+o.io 
-^-^-0.09 


1 ,-,+0.41 
1-J>3_0.35 


Q7 oc 






>* U.Oq 






TTT 


'^lastdet 


A 
U 


qc+0.07 


SI +0-44 


^ yui.ou 










UDUOlUiJ 


T TT 


^lastdet 


A 
U 


Qn+0-16 

yu_o.i2 


1 09+0.64 
l--'^-0.41 


•\ 70Q Ql 


4.y4 


Ot3.4 


J> u.o 


>■ 4y.U 


UUUOUJ- 


II-III 


^lastdet 


Q 
O 


74+1.68 


1 18+1-01 


^ -L.OO 










061002 




tlastdet 





0'17 
9^—0.28 


T 42+0-37 
-'-•^^ — 0.36 


> 45.69 






> 0.5^ 




061006 




tlastdet 





r,o + 0.10 

'•'-O.ll 


l-'-"J-0.38 


> 105.22 






> 0.5^ 




061102 




^lastdet 





47+0.32 
-0.32 


_0 qi+9-91 

u-yi_o.o9 


> 130.84 






> 0.6^ 




061222B 




^lastdet 


T 


90+0.14 
^°-0.11 


(, -O+0.67 
'■'-0.36 


> 416.55 


3.36* 


52.9 


> 0.4 


> 48.3 


070110 




ilastdet 





09+0.13 
°^-0.08 


1 ,0 + 0.28 
1-1''-().18 


> 2179.74 


2.35s 


52.5 


> 0.6 


> 48.3 


070223 




tlastdet 





05+0.11 
^3-0.13 


0.901-0 


> 826.56 






> 1.2^ 




070419A 




^lastdet 





£■7+0. .SO 
-0.41 




> 798.80 


0.97^ 




> 1.2 




070520B 




^lastdet 


T 


1 .,+0.52 
^■^-0.66 


1 oq+1-0^ 


> 12.00 






> 0.8^ 




070621 




^lastdet 





qq+0.05 
^^-0.04 


1 7A+0.39 

l-"J-0.34 


> 856.13 






> 0.5^ 




070704 




^lastdet 





QO + 0.13 

y*-0.14 


66+0-36 
U.OD_Q 23 


> 294.69 






> 0.5^ 




070721A 




tlastdet 





7C+0.07 
"^-0.07 


1 65+0-03 


> 654.69 






>0.4^ 




070724A 




^lastdet 





84+0-10 
°^-0.22 


67+0-50 
'^•°'-0.26 


> 86.67 


0.46^ 


49.3 


> 1.8 


> 46.0 


070808 




^lastdet 





=^^-0.10 


1 40+0-66 
l-^'J-0.71 


> 179.99 






> 0.4^ 




071001 




^lastdet 





-.,+0.15 
^■^-0.19 


1 90+0.98 
l-^''-0.40 


> 4.78 






> 0.4^ 




071227 




^lastdet 


1 


14+0-17 
^*-0.17 


1 74+0.60 
'^-0.27 


> 145.34 


0.38j 


49.8 


> 1.5 


> 46.3 



t Abbreviations for Uniform jet (Uni), Spreading jet (Sp), non-spreading jet (NSp), 1 < p < 2 (pi2), p > 2 (p2), y < {I'l), v > Vc 

Note. — Non-jet brealcs are the remaining GRBs not in tiie otlier categories that are with inconsistent with previous criteria, only 
contain segments I-II, are naJjed GRBs (O-I), or were ruled out by internal consistency checks, t start and tiaatdet times and opening 
angle limits are only listed if they are feasible within the canonical framework. Other notes are the same as for Prominent Jet BreaJcs 
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table. 



References. — "Berger et al. (2005a), (), =Kawai et al. (2006), ''Fugazza et al. (2005), <=Price et al. (2007), ^Berger (2006), 
sjaunsen et al. (2007b), ''Cenko et al. (2007b), 'Cucchiara et al. (2007b), ^D'Avanzo et al. (2009) 
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Table 7. Jet Break Summary 



Classification 


GRBs 


Segment Types 


Definition 


Prominent jet break 


28 


I-Il-lII-IV, II-III-IV 


Has distinrt segment IV 


Hidden jet break 


12 


Single power-law, Ambiguous 


Last scguieut requires post-jet break closure relation 






ll-lll/Ul-lV, 1-11-111 




Possible jet breaJc 


53 


Ambiguous II-III/III-IV, 


Resembles III-IV or H-IV transition in a — a space 






I-II-III, Single power-law 




Unlikely jet breaJf 


100 


Single power-law. Ambiguous 


Consistent with both pre- and post-jet break closure 






11-111/111-lV, 1-11-111 


relations, but resembles 11-111 in a — a space, or no 








closure relations but temporally consistent 


Non-jet break 


37 


l-Il, Single power-law, 11-111, 0-1 


Does not fit any jet break criteria 
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A. Appendix 

To measure E^^iso^ we must know (or estimate) the shape of the spectrum and integrate 
it over the desired energy range, correcting for the distance and redshift (k-correction) effects 
using the method of Amati et ah (2002) 

4 r)2 rlO MeV/(l+z) 

E^,so = 7—-^ / E F{E) dE (Al) 

U + Zj Ji keV/{l+z) 

where F{E) is the functional form of the spectrum, and is the luminosity distance. 

We assume that the Band function (Band et al. 1993) represents the intrinsic shape 
of the spectra for long GRBs even if the BAT data are insufficient to constrain a fit to 
this model. We choose to assume or infer the parameters of the Band function, and use its 
functional form rather than use the fits to the power-law or cutoff power-law due to their 
gross over-estimates of the bolometric fiuence. 

The Band function takes the form 

,,,, /^5^o(^)"^exp(-f) {as-PB)E,>E 
l^5^o(^^l^) exp{Ps-as){^Y' (as - Pb)Eo < E 

where K^q is the normalization at 50 keV, and as and Pb are the spectral slopes below and 
above the break energy (Eq). When available, we use the measured spectral slopes, otherwise 
we assume as = —1 and Pb = —2.5. The relationship between the spectral peak energy and 
the Band break energy is Ep = {2 + aB)EQ. 

Unfortunately the data are often not sufficient to measure the Band function parameters 
because of the limited observed bandpass and measurement uncertainties. In some cases, 
better fits can be obtained using an exponential cutoff power-law (GPL) model, and we can 
use these fits to estimate Ep for input into the Band function. The GPL takes the form 

where K^^f^ is the normalization at 50 keV, and acpL is the spectral index. If available in 
the literature, we obtain measurements of the peak energy {Ep) from either Band function 
or exponential cutoff power-law fits to the 7-ray data (Table [H]). 

An adequate GPL fit and therefore an Ep measurement is available for only ~ 28% of 
the GRBs in our sample. For those without a directly measured Ep from either the Band 
or GPL fits, we infer a value using the correlation between Ep and the spectral index from 
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fitting a single power-law (ckpl) to the BAT data as parametrized by Zhang et al. (2007a) 
as 



and K[q is the normalization at 50 kcV. We use the measurements of api and acpi from 
Sakamoto et al. (2008). However, this method only works for those GRBs whose Ep is inside 
the BAT energy band indicated by —2.3 < apL < —1.2. We are unable to estimate E^^iso for 
those GRBs with api outside this range that do not have a measurement of Ep by another 
instrument. 

Short burst spectra are better characterized by the exponential cutoff power-law model 
than the Band function. They also tend to have harder photon indices (~ 0.8) than long 
bursts. Therefore we assume the cutoff power-law model to describe the gamma-ray spectra 
for short bursts in this sample used to calculate E^^iso ^-nd assume acpL — —0.8 if no 
measurement is available. 



log Ep — 2.76 — 3.61 log{—apL) 
where apL comes from fitting a simple power-law function of the form 



(A4) 




(A5) 
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Table 8. GRBs spectral properties from the literature 



GRB 


as 




OICPL 


Ep(keV) 


Source 










49 ± 7 


Still ct al. (2005) 


n^n4nfi 

yjtjyj'-tyjyj 








24 


ZVianp- pt al ('90073^ 


050416A 








15 


Scikamoto et al. (2006) 


050525A 








82l^ 


SaJjamoto et al. (2008) 


050603 


-0.79 ± 0.06 


-2.15 ±0.09 




349 ± 28 


Golenetskii et al. (2005a) 


051109A 










Golcnctskii ct al. (2005b) 


051221A* 






-l.08«;l! 




Golenetskii et al. (2005c) 


060115 








63lff 


Sakamoto et al. (2008) 


060124 








1931^8 


Romano et al. (2006) 


060206 








78l?« 


Sakamoto et al. (2008) 


060418 








230 


Golcnctskii ct al. (2006f) 


060614* 










Golcnctskii ct al. (2006b) 


060707 








co+21 
Do_10 


Sakamoto et al. (2008) 


060814 








257+if 


Golenetskii et al. (2006c) 


060908 








isitr 


Sakamoto et al. (2008) 


060927 








70+25 


Sakamoto ct al. (2008) 


061007 


-0.7 ±0.04 


-2 61+"15 




3991:^^ 


Golcnctskii ct al. (2006d) 


061121 








455 ± 115 


Golenetskii et al. (2006a) 


061201* 




873l«| 


Golenetskii et al. (2006e) 


070125 


1 1+0.10 
^•^-0.09 


-2.08«:}° 




Bellm et al. (2008) 


070508 








188 ±8 


Golcnctskii ct al. (2007d) 


070714B* 






-0.86 ±0.10 




Olmo ct al. (2007) 


071003 






-0.97 ±0.07 




Golcnctskii ct al. (2007a) 


071010B 


1 9C-+0.74 
-'■■^'^-0.49 


-2.65l°;S 




52+" 
o^_lO 


Golenetskii et al. (2007b) 


071020 






-0 65+"-2^ 
<-'.DO_Q 32 


322l|° 


Golenetskii et al. (2007c) 


071117 






1 r;o+0.15 

1.00_Q J^g 


278t^f 


Golenetskii et al. (2007e) 



* Short Hard GRB 

Note. — GRBs with measured redshifts and 7-ray spectral properties from the literature used to 
calculated E^^iso. GPL provided from either Band function fit or GPL fit, but acpL used only for 
SHBs. 



